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Giant-Stroke, Superelastic Carbon 
Nanotube Aerogel Muscles 

A. E. Aliev et al. 

Applying a high voltage to very low density 
sheets of carbon nanotubes causes rapid 
expansion in one direction. 
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Parkinson's Disease 
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Epidural stimulation of spinal neural 
pathways produces specific shifts in activity 
in neural circuits affecting movement. 
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Alfvén Waves in the Lower Solar Atmosphere 
D. B. Jess et al. 
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observed that can heat the solar atmosphere 
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>> News story p. 1551; Science Podcast 


The Disorder-Free Non-BCS Superconductor 
Cs3C¢o Emerges from an Antiferromagnetic 
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Colloidal silver particles can be formed 
into flexible electrodes of arbitrary shape 
in three dimensions. 
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R. J. Phipps and M. J. Gaunt 

A copper catalyst functionalizes benzene 
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The Burgess Shale Anomalocaridid Hurdia 
and Its Significance for Early Euarthropod 
Evolution 

A. C. Daley et al. 

Hurdia, a Cambrian fossil, clarifies the 
morphology and evolution of early 
arthropod limbs and head. 


A Role for RNAi in the Selective Correction 
of DNA Methylation Defects 

FE. K. Teixeira et al. 

An RNA interference—dependent DNA 
methylation rescue system helps to 

preserve a subset of DNA methylation 
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Variants of the Antibody Herceptin 
That Interact with HER2 and VEGF 

at the Antigen Binding Site 

J. Bostrom et al. 
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>> Perspective p. 1567 


Ankyrin-G Promotes Cyclic 
Nucleotide—Gated Channel Transport 

to Rod Photoreceptor Sensory Cilia 

K. Kizhatil et al. 

The assembly and function of key 
photoreceptor proteins in neonatal mouse 
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Hello to Hurdia >> 


Anomalocaridids are among the 
most famous of all Cambrian 
organisms, and have been 
dubbed the “’7. rex of the Cam- 
brian” because of their large size 
and inferred predatory habits. 
Hurdia, described by Daley et al. 
(p. 1597), is the most common 
anomalocaridid in the Burgess 
Shale fossil beds in Canada. 
Hurdia has recently attracted 


EDITED BY CAROLINE ASH 


interest because of its significance in arthropod evolution, yet it has remained effectively unknown because its fossil remains were 
misattributed among several other genera. Hurdia, with its unique and remarkable frontal carapace, provides critical new data on the 
gill structure of stem-group arthropods with a direct bearing on the recent debate about arthropod limb evolution. 


Making Muscles 
Out of Materials 


New materials are being investigated that can 
convert electrical, chemical, thermal, or photonic 
energy into mechanical energy. Aliev et al. 

p. 1575; see the Perspective by Madden) 
described the mechanical properties and electro- 
static actuation of very low density multiwalled 
carbon nanotube sheets formed into aerogels. By 
electrostatically charging the sheets, a large 
expansion occurred in the direction perpendicular 
to the nanotube orientation, and a smaller con- 
traction occurred parallel to the stretch direction. 
This work points the way to developing novel mate- 
rials with highly directional mechanical properties. 


Two-in-One Antibody 


Textbook definitions of antibodies emphasize the 
exquisite specificity with which these proteins 


VEGF-mediated cell proliferation in vitro, as well 
as tumor growth in mice, thus indicating the 
feasibility of a single therapeutic for cancer 
treatment. 


Ordered into 
Superconducting 


In unconventional superconductors, such as the 
cuprates, electrons form Cooper pairs by mecha- 
nisms other than electron-phonon coupling. 
These systems have a high density of defects and 
are chemically doped, so it can be difficult to 
observe smooth transitions between the super- 
conductor and the parent electronic state from 
which they form. Takabayashi et al. (p. 1585; 
see the Perspective by Tosatti) showed that a 
particular phase of the alkali fulleride supercon- 
ductor Cs,C,., which is well-ordered and exhibits 
a body-centered cubic symmetry, transformed 


bind their target antigens. 2 
New research suggests that 
this “one antibody—one 
antigen” paradigm can be 
tweaked in the labora- 
tory. Working with an 
engineered library of vari- 
ants of Herceptin, a thera- 
peutic monoclonal anti- 
body targeting the breast 
cancer growth factor HER2, 
Bostrom et al. (p. 1610; see 
Perspective by Parren and Burton) 
successfully selected variants which had anti- 
body-combining sites that simultaneously 
bound with high affinity to a second cancer-rel- 
evant antigen, vascular endothelial growth fac- 
tor (VEGF). In preliminary assays of efficacy, the 
two-in-one antibodies inhibited HER2- and 


\ 
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from a spin-1/2 antiferromagnetic insulator 
to a superconductor as pressure was 
applied. The transition was purely elec- 
tronic, in that no structural changes or 
»  disordering occurred. The dependence 
of the transition temperature on pres- 
sure was not accounted for by the stan- 
dard model for superconductivity. 


“A ) Improving 


Parkinson's Treatment 


Deep brain stimulation has become a popular 
procedure for the treatment of motor symptoms 
in Parkinson's disease. However, it is an invasive 
surgical technique and people have been trying 
to find alternative methods that carry less risk. 
Fuentes et al. (p. 1578; see the cover; see the 


news story by Miller) tested electrical stimula- 
tion of the spinal cord dorsal column as an alter- 
native strategy in animal models of Parkinson's 
disease. They found that corticostriatal activity 
patterns preceded voluntary motor actions, 
which may offer some explanation for the mech- 
anisms underlying volitional movements. Dorsal 
column stimulation markedly improved motor 
functions, and enhanced pharmacological treat- 
ment in the animals, and looks as if it holds con- 
siderable promise for the treatment of Parkin- 
son's disease patients. 


Heating the Solar 
Atmosphere 


The temperature of the Sun increases markedly as 
one moves from its surface to the outer layers of 
its atmosphere. Types of plasma waves called 
Alfvén waves, that are hypothesized to be incom- 
pressible and driven by magnetic tension, are 
considered to be the best explanation for how 
energy is transported through the solar atmo- 
sphere, but their unambiguous detection is still 
in doubt. Jess et al. (p. 1582; see the news story 
by Kerr) obtained high-resolution images of the 
Sun and found oscillations that bear the signa- 
tures of torsional Alfvén waves and that carry suf- 
ficient energy to heat the solar atmosphere. 


Meta Addition 


Friedel-Crafts reactions are among the oldest 
adopted in modern organic chemistry and have 
been used for over a century to attach various 
atoms around benzene rings and create compo- 
nents of dyes, drugs, and a wide range of functional 


Continued on page 1537 
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This Week in Science 


Continued from page 1535 


materials. These reactions install incoming groups on the ring carbons adjacent to or diametrically opposite 
electron-donating substituents such as amines. Modifying the intermediate (or meta) sites, two carbons 
away from existing substituents, has been challenging. Phipps and Gaunt (p. 1593; see the Perspective by 
Maleczka) discovered a copper catalyst that selectively adds incoming phenyl groups to the meta positions 
of amide-substituted benzenes. This kind of catalysis opens the way to the development of novel agrochem- 
icals and pharmaceuticals. 


Methylation Rescue 


Methylation of genomic DNA occurs with high frequency at transposons and repetitive DNA sequences 
to repress transcription of these potentially damaging genome features. Methylation patterns are nor- 
mally inherited during cell division as the methylated parental DNA strand provides a template for 
the methylation of the daughter strand. But sometimes methylation marks are ablated and lost in all 
subsequent generations. Teixeira et al. (p. 1600, published online 29 January; see the Perspective by 
Law and Jacobsen) found that Arabidopsis recovered methylation marks in a process requiring mei- 
osis and the RNA interference—dependent DNA methylation machinery. After one to three genera- 
tions, original methylation levels were recovered. This mechanism not only helps to maintain genome 
stability, but might also permit adaptive responses in epigenetic inheritance. 


Conducting 3D Printing 


One challenge to the development of more robust, flexible, 
or stretchable electronics is the printing of electrodes within 
devices and between devices. Ahn et al. (p. 1590, pub- 
lished online 12 February; see the Perspective by Gates) 
have formulated concentrated silver nanoparticle inks that 
can be printed in three dimensions. The electrodes are self- 
supporting and can be patterned in complex ways as planar 
or 3D forms on a wide variety of substrates. Once sintered at 
moderate temperatures, the colloidal particles fuse together to make wires with electrical resistivities 
that approach the value for bulk silver. 


Sorting Light Receptors 


In the retina, cyclic nucleotide gated (CNG) channels initiate the electrical response to light in the sensory 
cilia of the rods. The channels are exclusively localized to outer segments of the cilia, but how they are 
positioned has been largely unknown. Working on Xenopus, Kizhatil et al. (p. 1614) showed that the 
CNG-f subunit bound to ankyrin-G, a membrane scaffolding protein, is not only required for the post- 
Golgi transport of CNG channels, but is also required for rod outer segment development. A human muta- 
tion in the CNG-B subunit disrupts this targeting mechanism and is associated with retinitis pigmentosa. 
Similar ankyrin-G—based mechanisms may occur in olfactory cilia, in the sperm flagella, and other sites. 


Take My Word for It 


On issues of fact, such as whether the bus has just passed, we usually feel comfortable to accept infor- 
mation from a stranger; in situations where emotions are involved we are more likely to rely on our 
own feelings than what others report. Gilbert et al. (p. 1617) demonstrated that this confidence may 
be misplaced. In a speed-dating scenario, women were asked for their subjective evaluations before 
and after a 5-minute encounter with a single man. The women who had only been supplied with a 
man’s profile and photograph fared significantly worse in predicting their after-the-fact reaction to 
their date than women who were supplied with an evaluation of a man from their predecessor. 


Mother Knows Best 


Gouldian finches have two color morphs that tend to mate true. Pryke and Griffith (p. 1605) 
showed that females forced to mate with males of the opposite morph have more sons and invest 
less effort in rearing them than if allowed to mate with their own type. But if the males are painted 
to resemble the females’ preferred mates, the duped females will readjust their behavior and the sex 
ratio of the eggs. The results imply that female birds may be altering resource allocation to their 
female offspring in multiple ways. 
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EDITORIAL 


The Enlightenment Returns 


The authors of the Declaration of Independence and the Constitution of the United States were 
children of the Enlightenment. They understood the power that flows from combining human 
reason with empirical knowledge, and they assumed that the political system they were creating 
would thrive only in a culture that upheld the values of the Enlightenment. And thrive it did, in 
large part because our people and government upheld those values throughout most of U.S. 
history. Recently, however, the precepts of the Enlightenment were ignored and even disdained 
with respect to the manner in which science was used in the nation’s governance. Dogma took 
precedence over evidence, and opinion over facts. Happily, as was made clear by two policy 
announcements by President Barack Obama on 9 March 2009, the break in the traditionally 
harmonious relationship between science and government is now ending. 

The first announcement, which dealt decisively with a single important and politically 
volatile issue, the funding of stem cell research, received the most attention. But the second, on 
scientific integrity, has greater breadth and at least equal significance. 
For as the president put it, “promoting science isn’t just about providing 
resources—it is also about protecting free and open inquiry . . . free 
from manipulation or coercion, and listening to what [scientists] tell us, 
even when it’s inconvenient—especially when it’s inconvenient.” In 
using the words “manipulation” and “coercion,” the president was not 
speaking purely in the abstract; he was alluding to recent breaches of a 
code to which government must adhere if science is to play its proper 
role in advising the government on such complex issues as public 
health, climate change, or environmental protection. When the govern- 
ment systematically disregards this code, it undermines the historic role 
of science as a bulwark of an enlightened democracy. 

In the president’s Memorandum on Scientific Integrity last week, 
addressed to the heads of all executive departments and agencies, he 
directed those officials to neither suppress nor alter scientific and tech- 
nological findings solicited in the process of policy formulation. He also asked that scientific 
information developed or used by the government be made readily available to the public. To put 
these directives in place, the president requested the director of the Office of Science and Tech- 
nology Policy to develop, within 120 days, recommendations “designed to guarantee scientific 
integrity throughout the executive branch” and to ensure “that scientific data is never distorted 
or concealed to serve a political agenda.” 

The recommendations called for to sustain these bold ambitions would place scientific 
competence and integrity among the core principles of the government’s science-based 
endeavors. For example, they should ensure that the selection of scientists for government 
positions is based on scientific qualifications and experience, establish means for addressing 
instances in which scientific integrity may be compromised, and provide protections for those 
who draw attention to possible assaults on the integrity of scientific advice. The need for these 
measures derives, in part, from the many well-documented cases in which scientific integrity 
was recently breached, as when political appointees shut government scientists out of critical 
decisions that hinged on scientific information, prevented the transmission of scientific 
reports to Congress, appointed unqualified individuals to scientific panels because of their 
ideological or political persuasion, or censored government reports dealing with climate 
change and species extinction. 

The U.S. scientific community now has an opportunity to strengthen the president’s initiative 
by informing students, colleagues, and fellow citizens about the issues at stake; by willingly 
offering professional advice to government either informally or when invited to serve on agency 
panels; by supporting and encouraging scientists who are considering careers in government; or 
by taking a turn in government service. The president has taken a large and inspiring step to 
restore the historically beneficial balance between science and government; we should all now 
offer to help with the enlightened effort just launched. 

— Kurt Gottfried and Harold Varmus 


10.1126/science.1173563 
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Toxic algal blooms, or red tides, caused by dinoflagellates pose a 
danger for humans and many other vertebrates. In November 
2007, a late red tide of Akashiwo sanguinea in Monterey Bay 
caused a mass stranding and high mortality of winter visiting 
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seabirds. Jessup et al. report that the birds’ plumage had become 

coated in a sticky green froth exuded from the algae that contained surfactant mycosporine- 
like amino acids, which acted like a detergent to strip the feathers of their natural waterproof- 
ing oils. Consequently, the soaking birds, already weakened from migration, became 
hypothermic, and many died. If the surviving birds were cleaned as if they had been caught in 
an oil spill, then most made a full recovery. The algae seemed to have no other toxic activity, 
although inhaling aerosolized green scum apparently caused lung pathology. With the major 
shifts currently affecting the marine environment that are favoring other types of red tides, 
this kind of algal hazard is likely to become a more widespread occurrence. — CA 


CHEMISTRY 
Clicking onto Nanofibers 


Vertically aligned carbon nanofibers—stacked 
“cups” of grapheme—are of interest for electro- 
chemistry because they expose a high fraction of 
edge sites with much faster electron transfer 
rates than the basal plane sites that predominate 
on carbon nanotubes. For applications such as 
sensing, it would be useful to attach redox-active 
groups to the surface of these materials. Landis 
and Hamers report that copper click chemistry 
can be used to attach groups such as ferrocene. 
The carbon nanofiber surfaces were functional- 
ized with azide groups, and ethynyl-substituted 
ferrocenes were then covalently attached 
through the Cu(1)-catalyzed cyclization reaction. 
The attachment was quite stable—the redox cou- 
ple could be cycled at least 1500 times. The rates 
through this pi-bonded bridge were similar to 
those for ferrocene groups attached through sat- 
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PLoS ONE 4, e4550 (2009). 


urated alkyl linkages, suggesting that electron 

transfer occurs through the aqueous solvent 

rather than the hydrocarbon bridges. — PDS 
Chem. Mater. 21, 724 (2009). 


APPLIED PHYSICS 
Circuit Training for Fluids 


Anagging problem in microfluidic reactor design 
is the need for bulky external apparatus to control 
the pumping and directing of the fluid flows. To 
circumvent this issue, Leslie et al. tried to mimic 
passive electrical circuits—resistors, capacitors, 
and diodes. Capaci- 
tors store electrical 
charge, a function 
mimicked by bond- 
ing a deformable 
elastomeric film to 
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a fluid microchannel, so that the film bulged to 
allow more fluid storage as the overall pressure 
increased. Diodes, which permit flow in only one 
direction, were fabricated by bonding a 
deformable film on top of a weir, thus allowing 
flow only when the pressure was above a critical 
value. Through a combination of these circuit ele- 
ments, fluid flow could be predicted and con- 
trolled by modulating a pressure source with time 
through a selection of resistive channels and 
capacitors. More complex flows were achieved by 
creating branched streams that merged at the 
output channel. The flow from each branch was 
regulated by the frequency of the pressure oscilla- 
tions, effectively rendering the device a bandpass 
filter. Diodes, with their nonlinear response to 
pressure, were used to convert oscillatory flow to 
steady flow, similar to the conversion of electrical 
current from ac to dc. — MSL 

Nat. Phys. 5, 231 (2009). 


MICROBIOLOGY 
Do We Have a Quorum? 


Bacteria can communicate with one another and 
act cooperatively as a group—a process known as 
quorum sensing (QS). However, such communica- 
tion and cooperation can be exploited by 
“cheaters,” who benefit from the shared meta- 
bolic or otherwise beneficial activities without 
contributing to them. In the case of the patho- 
genic bacterium Pseudomonas aeruginosa, the 
signal molecules that facilitate population-wide 
QS regulate important disease-related processes, 
such as biofilm formation, swarming motility, and 
the production of secreted virulence factors. Rum- 
baugh et al. demonstrate that this potentially 
deadly cocktail of activities can be undermined by 
mutant bacteria that cheat. In a burn injury model 
in mice, infection with QS P. aeruginosa leads to 
rapid death of the host; infection with QS mutant 
bacteria resulted in significantly less mortality. 
The mortality caused by QS bacteria was substan- 
tially diminished in the presence of the mutant 
bacteria, which, through their exploitation of the 
QS bacteria, were able to flourish at their benefac- 
tors’ expense, reducing the overall virulence of 
the infection. Furthermore, the mutant bacteria, 
which cannot normally mount an effective sys- 
temic infection, were able to spread to the liver in 
the presence of the QS bacteria, pre- 
sumably by piggy-backing on the 
social activities of the QS bacteria. 
QS mutants are known to arise in 
clinical settings and may thus affect 
the virulence and course of 
infections. — GR 
Curr. Biol. 19, 341 (2009). 
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Graphic Science 


What's hotter than Harry 
Potter? In South Korea, at 
least, the answer is science— 
in comic-book form. The 50 
titles in the English-titled 
Why? series have sold more 
than 20 million copies since 
2001, outselling translations 
of J. K. Rowling's blockbuster 
series 3 to 2, according to 
publisher YeaRimDang. 

Each 160-page, $6.50 


book covers a different topic, including space, the sea, and 
puberty. These panels from Why? Electricity and Electronics 
explain how fuel cells combine hydrogen and oxygen to gener- 
ate electricity, producing H,O as a byproduct. The dog admon- 


Czar’s Missing 
Children ID‘d 


On 17 July 1918, Czar 
Nicholas II of Russia, his 
wife, and five children were 
killed by the Soviets. A grave 
containing the remains of 
five family members was 
found in the 1970s, and in 
1991, DNA testing estab- 
lished that the remains were 
those of the czar, his wife, 
and three of their children. 

Now, researchers say 
they have definitively identi- 
fied the missing children—the couple’s hemo- 
philic son, Alexei, and a girl—from bone frag- 
ments and teeth discovered near the original 
gravesite in 2007. Because the youngest daugh- 
ters were only 2 years apart in age, the scientists 
couldn't be sure who the girl was. 

Ateam led by Michael Coble of the DNA 
lab at the Armed Forces Institute of Pathology 
in Rockville, Maryland, made the matches by 
comparing mitochondrial and nuclear DNA 
from the remains with DNA from the earlier 
work and with Y chromosome markers from a 
living Romanov cousin, they reported 
11 March in PLoS ONE. 

At the same time, says Coble, researchers 
in Yekaterinburg, Russia, analyzed bloodstains 
from a shirt—stashed for decades in the 
Hermitage Museum in St. Petersburg—that 
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Nicholas had been wearing 
when he was attacked 
while traveling in Japan in 
1881. DNA from the blood 
showed “complete concor- 
dance” with DNA from one 
of Nicholas’s teeth. 

The newly discovered 
remains are now in a foren- 
sic lab in Yekaterinburg. 
Once the Russian Orthodox 
Church agrees that they are 
authentic, they can be 
buried with the rest of the 
family in a cathedral in 
St. Petersburg. 


Giant Bug-Eater Descried 


Plant explorers have discovered a giant new 
species of carnivorous pitcher plant on a 
mountaintop in the Philippines. At 30 cm long and 
15 cm wide, the plant's pitchers may set a record 
for genus Nepenthes—the group that includes all 
120-odd species of Old World pitcher plants. 

The team spied the plant after scrambling up 
a 6-m waterfall to reach the summit of Mount 
Victoria on the island of Palawan, says Alastair 
Robinson, an independent field botanist for- 
merly at the University of Cambridge, U.K. 
Dangling from long tendrils attached to a cen- 
tral stem, the trumpet-shaped pitchers are “akin 
to an open stomach” filled with milky digestive 
fluids and water, Robinson says. Insects 
attracted to the pitcher's nectar and color get 
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ishes the fuel cell for “peeing all over the place. 
water,” says the fuel cell. French, Russian, Chinese, and Thai 
translations have already appeared. Japanese and North 
American versions may soon follow. 
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trapped in the pool and drown. The new giant 
pitchers, whose ilk turned to carnivory because 
of the nutrient-deficient soils they live in, enjoy 
a varied diet: One contained several large 
green beetles, black beetles, bees, and wasps. 
Dubbed WN. attenboroughii, the plant is 
described in the February Botanical 
Journal of the Linnean Society. 
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Awards 


TURING AWARD. Barbara Liskov marvels at the technological gains in 
computer science in the 40 years since she earned her Ph.D. But 
progress on achieving gender equity has been much slower, says the 
first woman to earn a U.S. doctoral degree in the field. 

This month, Liskov, 69, a professor at the Massachusetts Institute 
of Technology, received the 2008 A. M. Turing Award from the 
Association for Computing Machinery. The award, which comes with 
a $250,000 prize, recognizes her development of CLU and Argus, 
computer languages based on object-oriented programming. Her 
work laid the foundation for today’s widely used programs Java and 
C++, which power most Internet software. 

“T think we’ve made progress [in closing the gender gap], but I 
don’t think we’re where we want to be,” says Liskov, who was one of 
only 10 women on the MIT faculty when she was hired in 1972. She’s 
also associate provost for faculty equity, overseeing efforts to increase 
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NONPROFIT WORLD 

NEW KAVLI HEAD. An engineer who has 
managed a venture-capital firm will be the 
next president of the Kavli Foundation. Robert 
Conn, a former dean of engineering at the 
University of California, San Diego, says his 
first task will be to preserve the foundation's 
endowment so it can continue to support its 
15 university-based research centers. The 
foundation, started in 2000 by Norwegian- 
born businessman Fred Kavli, also awards 
biannual $1 million prizes in astrophysics, 
nanoscience, and neuroscience. Conn takes 
over next month from David Auston. 


CHANGE AT MACARTHUR. Robert Gallucci, 
a military and foreign policy expert who 
served as the chief U.S. negotiator during 
the 1994 North Korean nuclear crisis, will be 
the next president of the John D. and 
Catherine T. MacArthur Foundation. Gallucci 
has held several jobs in the U.S. government 
and helped create the International Science 
and Technology Center in Moscow, which 


RISING STARS 


INTEL WINNERS. Eric Larson (left), a high school 
senior from Eugene, Oregon, has claimed the top 
prize—a $100,000 college scholarship—in the 
2009 Intel Science Talent Search for his classification 
of new fusion categories, a type of algebraic struc- 
ture with applications in string theory and quantum 
computation. Second- and third-place winners were 
William Sun, 17, of Chesterfield, Missouri, and Philip 


Streich, 18, of Platteville, Wisconsin. 


engages former Russian weapons scientists in 
nonweapons research. He’s currently dean of 
the School of Foreign Service at Georgetown 
University in Washington, D.C. 


MOVERS 
FAVORITE SON. Eric Isaacs, the new director 
of Argonne National Laboratory, plans to 
make energy the Illinois lab’s focus by 
expanding basic research already under way 
on storage, catalysis, alternative fuels, and 
combustion. For the condensed-matter 
physicist, energy conservation begins at 
home: An Argonne scientist since 2003 and 
deputy director since last May, Isaacs won't 
even need a moving van when he takes over in 
May for the outgoing director, Robert Rosner. 
Simon Mochrie, a physicist at Yale 
University, predicts that Isaacs will be a good 
fit for the Department of Energy lab, which 
hosts the Advanced Photon Source synchro- 
tron x-ray source. “Eric is a longtime user of 
x-ray facilities, and | think that will be a 
strength for Argonne,” says Mochrie. 


Sun (middle) receives a $75,000 scholarship for researching the newly discovered molecule 
Golgicide A as a potential drug to treat bacterial infections and prevent Alzheimer’s disease. Streich 
(right), a home-schooled student, earns a $50,000 scholarship for work demonstrating the 
solubility of carbon nanotubes; he and his mentor, chemist James Hamilton of the University 
of Wisconsin, Platteville, have filed for five patents. 


the number of women and minorities on the faculty. 


Honors >> 


TO SERVE. For physicist Mildred Dresselhaus, 
mentoring other women in science is simply 
emulating what Nobelist Rosalyn Yalow, then 
a young faculty member 
at Hunter College in New 
York City, did for her as 
an undergraduate there. 
It's also part of her credo: 
“Whenever | was asked to 
do something that would 
benefit others, | did it.” 
Last week, the National 
Science Board, the over- 
sight body for the Nation- 
al Science Foundation, 
honored her service and 
her accomplishments in 
carbon science with its 
Vannevar Bush Award. 

A professor at the — 
Massachusetts Institute ———s 
of Technology since 1968, 

Dresselhaus has served 

as president of the American Physical Society 
and other societies including AAAS, which 
publishes Science. She also headed the U.S. 
Department of Energy's Office of Science 
from 2000-01. 

At 78, Dresselhaus still begins work at 
6 a.m. And she’s lost none of her enthusi- 
asm for research and mentoring. “You can 
do a lot by getting people excited about 
science. We don’t do this for money, or 
awards, we do it for love.” 


Got a tip for this page? E-mail people@aaas.org 
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GLOBAL WARMING 


Science 
at FDA 


8 N 


Projections of Climate Change Go 
From Bad to Worse, Scientists Report 


COPENHAGEN—Meeting 2 years after the most 
recent report of the authoritative Intergovern- 
mental Panel on Climate Change (IPCC), 
some 2000 scientists delivered a consistent if 
not unequivocal message here last week on the 
state of Earth’s warming climate. “The worst- 
case IPCC projections, or even worse, are 
being realized,” said the event’s co-chair, Uni- 
versity of Copenhagen biological oceanogra- 
pher Katherine Richardson. Emissions are 
soaring, projections of sea level rise are higher 
than expected, and climate impacts 
around the world are appearing with 
increasing frequency, she told dele- 
gates in the opening session of the 
3-day meeting. 

The 11 universities that con- 
vened the Copenhagen Climate 
Congress hoped to provide a com- 
prehensive picture of the status of world cli- 
mate science before another set of delegates 
meets here in December to hammer out a fol- 
low-up to the 1997 Kyoto Accords, which 
expire in 2012. “This is our opportunity to get 
science back on the agenda,” said climate 
modeler Vicky Pope of the U.K. Met Office. 
British Member of Parliament Colin Challen, 
who attended several sessions, said the update 
was crucial as nations are making plans “on 
data that’s out of date.” 

Outside the conference center, a 75-m 
wind turbine reminded delegates of the 
promise, yet unfulfilled, of sustainable 


COPENHAGEN 
CLIMATE 
CONGRESS 


energy. And inside, the organizers definitely 
felt the wind at their backs. Unlike IPCC, 
which is affiliated with the United Nations 
and its member governments, last week’s 
congress answered to no political bosses and, 
therefore, participants were free to make pre- 
scriptive statements at its conclusion. “Inac- 
tion is inexcusable” and “‘weaker [emissions] 
targets for 2020 increase the risk of crossing 
tipping points” were two of the six “mes- 
sages” that organizers disseminated in a press 
release. Some scientists, however, 
felt that those messages suggested a 
false consensus among participants. 

The meeting’s 58 sessions were 
grouped into three general themes: 
physical climate science, prospects 
for mitigation, and impacts and 
adaptation. On the prognosis for the 
climate system, Richardson warned that 
there’s “no good news.” Some scientists criti- 
cized how the 2007 IPCC report addressed the 
loss of the world’s ice sheets, because it 
explicitly omitted calculations of the move- 
ment of glaciers, which at the time was poorly 
understood (Science, 9 February 2007, 
p. 754). Two years later, the picture is clearer. 
Konrad Steffen of the Cooperative Institute 
for Research in Environmental Sciences in 
Boulder, Colorado, said that the loss of 
Greenland ice was accelerating, with the 
speedup of the glaciers contributing up to 
two-thirds of the loss. 


domestication 
of rice 


Friendly climate. Danish Prime Minister Anders 
Rasmussen (far right) quizzed four climate scien- 
tists at the Copenhagen meeting. 


Another question left unanswered by the 
last IPCC report was whether the Antarctic ice 
sheets were losing mass. University of Cali- 
fornia (UC), Irvine, glaciologist Eric Rignot 
said that more recent data from satellites and 
field studies “very clearly” show that the ice 
sheets are shrinking. Rignot said the acceler- 
ating movement of glaciers in Greenland and 
Antarctica would, on the current trajectory, 
lead to sea level rise of 1 m or more by 2100— 
flooding coastal residents around the world. 

New modeling work presented by Jonathan 
Bamber of the University of Bristol, U.K., 
showed that a complete disintegration of the 
Greenland sheet would require a 6°C rise in 
global temperatures, double the conventional 
wisdom. But before the audience could digest 
what sounded like a rare piece of good news, 
Bamber added that a 15% loss to the sheet 
would translate into a 1-m rise in sea level. 
“TThat] is a horrendous prospect whichever 
way you cut it,” Bamber told Science. 

Elsewhere, the science was just as gloomy. 
Ecologist Chris Field of the Carnegie Institu- 
tion for Science, who is overseeing the next 
IPCC report’s section on impacts, gave an 
update on his analysis of the behavior of carbon 
stocks in the soil, permafrost, and plants. It’s a 
problem IPCC “underemphasized” 2 years 
ago, he said. The latest estimate of the amount 
of carbon in permafrost is 1.7 trillion tons, 
more than twice the 2007 estimate. 

Scientists know that warming tempera- 
tures could unlock this carbon, making the 
yearly effort to cut the atmospheric concen- 
tration of carbon dioxide “that much 
tougher” in the coming decades, Field says. 
Modeling of carbon frozen in soils remains 
primitive, he said. But new findings from 
field studies suggest that a type of soil 
known as Yedoma sediments could be espe- 
cially problematic because it decomposes 
easily and 30% of its emissions are methane, 
a potent greenhouse gas. Plus, he said, scien- 
tists have been unable to find evidence for 
the hypothesis that some natural carbon 
sinks like forests may be increasing their 
ability to take in CO, as the planet warms. 

A number of sessions examined the fright- 
ening possibility that warming temperatures 
could trigger catastrophic tipping points, 
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such as the loss of the Amazon rainforest 
through drought, which would create a 
vicious feedback. For example, modelers 
from the U.K.’s Met Office presented new 
data showing that even a global cessation of 
greenhouse gas emissions by 2050 could lead 
to a loss of up to 40% of the Amazon rain- 
forest. ““We thought we didn’t need to worry 
till we got to 3°C of warming,” says Pope (see 
graphic). Tim Lenton, an Earth systems sci- 
entist from the University of East Anglia, 
U.K., describes the change in looking at 
deforestation as going from “high-impact, 
low-probability events [to] high-impact, 
larger probability events.” Atmos- 
pheric scientist Allan Gadian of 
the University of Leeds, U.K., 
says that the model “lacks credi- 
bility” because it fails to repro- 
duce the current climate. But 
Chris Jones of the Met Office says 
the model closely replicates 20th 
century Amazon rain patterns. 


The challenge of change 
Although transforming the world 
energy economy poses what Ian 
Chubb, vice-chancellor of Aus- 
tralian National University in Can- 
berra, calls “a diabolical policy 
problem,” sessions on mitigating 
carbon emissions offered a mixed 
bag. UC Berkeley energy scientist 
Daniel Kammen explained how a 
Berkeley city employee had come 
up with a novel financing tech- 
nique to fund residential energy- 
efficiency upgrades and solar pan- 
els. It’s too early to assess the suc- 
cess of the 6-month-old program, 
which offers homeowners loans 
through a city bond. But a handful 
of USS. cities have adopted it, he says, and offi- 
cials in Lisbon and New York City are monitor- 
ing it. “Green growth is the answer to our 
climate problems and our economic prob- 
lems,” Danish Prime Minister Anders Fogh 
Rasmussen told the delegates during an 
appearance in which he quizzed a panel of 
scientists on what emissions cuts are required. 
Nations like Denmark have shown the 
reliability of wind power. But one challenge 
has been getting businesses to work together. 
Danish engineering professor Erik Petersen 
of Risoe National Laboratory for Sustainable 


Clues to how deep 


brain stimulation 
works 


Energy in Denmark said that “surprisingly” 
turbulent wind conditions at sea have made 
the turbines less efficient but that scientists 
are having trouble studying the problem 
because the companies are concerned about 
giving their competitors an advantage by dis- 
closing their data. 

Scientists also examined how carbon- 
friendly mitigation techniques might cause 
other problems. Dozens of companies are 
developing new strains of algae to make 
biodiesel fuel, said Anthony Marchese of Col- 
orado State University in Fort Collins, but his 
studies show that the resulting fuel can emit 


Tree Density 


Low High 


Emptying out. New models forecast that Amazonian forests could be decimated 
by 2150 even if greenhouse gas emissions fall to zero by 2050. 


higher organic carbon or NO, pollution levels 
than fossil fuels do when burned. “We have to 
consider issues like the emissions and health 
effects, not just how much oil bio algae fuel 
provides,” he said. 

Along similar lines, Australian geographer 
and ecologist Neville Crossman of the Aus- 
tralian Commonwealth Scientific and Indus- 
trial Research Organisation said that a car- 
bon-trading system in Australia provided 
farmers with an incentive to plant certain 
native eucalyptus trees in dry areas. But the 
trees increase the demand on scarce water sup- 


20 years after the 
Exxon Valdez 


plies. A better alternative would be to plant 
mixtures of species, he says, but that require- 
ment is not included in the system. 

The conference included dozens of sessions 
on how scientists are helping countries begin to 
adapt to climate impacts. “Adaptation is rapidly 
evolving as a new area of science,” said Roger 
Street of the University of Oxford in the U.K. 
and an expert on impacts and adaptation. 
There’s a lot to learn, however. Oxford plant 
ecologist Pam Berry showed how adaptation 
can hinder efforts to mitigate emissions and 
protect biodiversity. “We need triple wins,” she 
said. A project to reroute streams to reduce the 
risk of flooding, for example, 

offered relatively cheap flood pro- 
tection and increased aquatic bio- 
diversity, she said. But the new 
ecosystem might feature additional 
sources of methane. Beach- 
restoration efforts to battle rising 
tides often involve the addition of 
sands, which have a chemical com- 
position that can harm local 
species. Scientists are learning that 
climate change creates challenges 
more complicated than the “single 
stressor, single species” models 
that were used in the past, she said. 

Attendees said that they 
appreciated the breadth of cli- 
mate-related research presented 
at the meeting, which was much 
more political than the average 
scientific conference but far more 
scientific than a gathering of 
diplomats. Still, Field echoed the 
comments of several researchers 
in worrying about the stated mes- 
sage of the effort. Field said the 
scientists on stage in the final ple- 
nary session were overstating the 
level of support among climate scientists for 
the scientific validity of the 2°C target. Also 
troubling, he said, was that the organizers of 
the congress “were very unclear on the differ- 
ence between [the messages] at the end of the 
meeting and the incredibly thorough, careful 
IPCC review and evaluation process.” 

Conference organizers plan to release a 
30-page, peer-reviewed summary report of 
the conference findings in June. They hope 
the document will serve as a guide for this 
fall’s negotiators of the evolving science. 

—-ELI KINTISCH 
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MATHEMATICAL SCIENCES 


Senate Majority Leader Hands NSF a 
Gift to Serve the Exceptionally Gifted 


The budget of the National Science Foundation 
(NSF) has traditionally been free of congres- 
sional earmarks. But buried in the $410 billion 
federal spending measure enacted last week is a 
provision that gives NSF $3 million this year 
“to establish a mathematical institute devoted 
to the identification and development of math- 
ematical talent.” The directive, which is backed 
by Senate Majority Leader Harry Reid 
(D-NV), is aimed at serving supersmart chil- 
dren whose needs aren’t being met in school. 

As it happens, a proposal to create a 
national program along those lines has just 
been submitted to NSF as part of a competi- 
tion to choose a new batch of university- 
based mathematical research institutes 
(www.mathinstitutes.org). A consortium that 
includes a group in Nevada is bidding to join 
a network, created in 2000, that is the biggest 
single activity within NSF’s $212 million 
Division of Mathematical Sciences. 

The seven current centers, with funding 
for up to 10 years, serve as user facilities for 
the mathematical community, providing 
jobs for graduate students and postdocs, 
temporary positions for senior professors, 
and a continuous stream of workshops, sum- 
mer institutes, and public-outreach activi- 
ties. Although each center also works with 
some precollege students and teachers, the 
focus is on exploring the frontiers of the 
mathematical sciences. 

Last spring, NSF announced a new com- 
petition for up to six centers, with grants of 
$3 million to $5 million a year. (NSF pro- 


vides a large majority of the operating 
budget for each center, and their directors 
say that life without NSF funding would be 
nearly impossible.) The deadline for applica- 
tions was 27 February, and incumbents— 
including four whose funding ends next 
year—were eligible to apply. Although NSF 
won’t disclose the number of applications it 
received, nor their identities, the four incum- 
bents—at the Berkeley and Los Angeles 
campuses of the University of California, the 
University of Minnesota, and Ohio State 
University—have submitted proposals. 

So did a team led by educational psychol- 
ogist Susan Assouline of the University of 
Iowa’s Belin-Blank International Center for 
Gifted Education and Talent Development. 
Linda Brody of Johns Hopkins University in 
Baltimore, Maryland, and Jill Adrian of the 
Davidson Institute for Talent Development 
in Reno, Nevada, are co-investigators on a 
proposal that Adrian describes as “a little bit 
out of the box.” 

The three researchers have spent decades 
working with the tiny population labeled “pro- 
foundly gifted.” Assouline and Brody were 
postdocs together in the late 1980s on the 
renowned longitudinal exceptional talent 
study at Hopkins, which Brody now directs. 
The nonprofit Davidson Institute was created 
10 years ago by education software developers 
Bob and Jan Davidson, who also support the 
Davidson Academy, a one-of-a-kind public 
school for exceptionally gifted students on the 
campus of the University of Nevada, Reno. 


Assouline declined to describe the group’s 
proposal in detail, citing the confidentiality 
of NSF’s merit-review process. But a one- 
page project summary makes clear that the 
proposed National Institute for Mathematical 
Research would focus on prospective mathe- 
maticians—the youngest student at Davidson 
Academy is 9 years old—rather than the aca- 
demic mathematicians—faculty members, 
postdocs, and graduate students—who popu- 
late the existing centers. It would likely 
expand the Davidson Institute’s young schol- 
ars program, which provides counseling for 
students around the country and their parents, 
as well as offering some students a chance to 
work with professors on genuine research 
projects. Hopkins and Iowa would provide 
additional sites in what would otherwise be a 
largely virtual institute. 

Although several states and local districts 
operate schools for high-end students, those 
with truly exceptional academic skills are 
usually left to fend for themselves, including 
home-schooling. “These kids need so much 
more than students in the average gifted and 
talented program, and not just with regard to 
academics,” says Adrian. The goal, says 
Assouline, is to create “an integrated, 
national system.” Assouline estimates that 
10% of students at the new institute “will 
progress toward an active research agenda.” 

Assouline has a powerful friend in her cor- 
ner in Reid. The $3 million in NSF’s 2009 
budget is not the narrowest type of earmark 
that requires an agency to give money to a par- 
ticular entity in a legislator’s district. But Peter 
March, head of NSF’s math division, says the 
language constitutes “directed spending” of 
the sort that limits the agency’s options. 

Although March declined to discuss the 
matter further, Science has learned that he 
met several times with aides to Reid to talk 
about how NSF could do more for profoundly 
gifted students. Reid staffers were also in 
touch with the Davidson Institute as the pro- 
posal was being prepared. Aides to the sena- 
tor declined repeated requests to explain the 
language in the spending bill and would say 
only that Reid “supported ... the additional 
funding” for the NSF program. 

Timing could be a touchy issue for NSF. 
The new centers aren’t expected to be chosen 
until fall and will be funded out of NSF’s 2010 
budget. But the $3 million earmark is for the 
2009 fiscal year, which ends on 30 Septem- 
ber. Even if NSF doesn’t fund Assouline’s 
proposal as part of its current competition, it’s 
a good bet that the needs of this special stu- 
dent population have moved up on the list of 
NSF priorities. 

—JEFFREY MERVIS 
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PUBLIC HEALTH 


NEWS OF THE WEEK le 


Stronger Research Just One Item on Drug Agency's Wish List 


The two public health veterans President 
Barack Obama has tapped to take charge of 
the U.S. Food and Drug Administration 
(FDA) face a daunting challenge. Margaret 
Hamburg, 53, and Joshua Sharfstein, 39, 
nominated to be FDA commissioner and 
deputy, respectively, will 
inherit an agency with frag- 
mented authority and fund- 
ing that has been stumbling 
from one crisis to the next. 

Their challenges stretch 
from fixing antiquated 
information technology sys- 
tems to managing overseas 
inspections of food and 
drugs, but some of the 
biggest are scientific. In 
recent years, the agency has 
seen a flood of applications for novel medical 
therapies, such as those utilizing stem cells; at 
the same time it’s been encouraging compa- 
nies to develop personalized gene-based 
drugs. For monitoring and enforcement, FDA 
desperately needs new ways to quickly detect 
food-borne illnesses like salmonella. 

Although FDA runs some in-house sci- 
ence efforts, including a sizable center for 
toxicological research in Arkansas, there’s 
been political pushback to supporting exten- 
sive research in-house. The agency is “not 
funded or empowered to do basic drug 
research,” says William Hubbard, a former 
FDA associate commissioner who spent 
nearly 30 years at the agency and recently 
retired. But while research is not its first pri- 
ority, that doesn’t mean FDA can let expert- 
ise pass it by: “You can ill afford to have 
reviewers that are not very well experienced 
in the most advanced technologies when in 
fact those technologies are being brought to 
the agency” for decisions, says Gail Cassell, 
vice president for scientific affairs at Eli 
Lilly in Indianapolis, who chaired a panel 
that issued a scathing report on FDA’s 
science capabilities late in 2007 (Science, 
7 December 2007, p. 1537). 

Hamburg and Sharfstein may be well- 
placed to address some pressing issues. Both 
have headed big-city health departments: 
Hamburg in New York City during the 
1990s, and Sharfstein as the current health 
commissioner of Baltimore. Both also have 
a long-standing interest in disease surveil- 
lance: for example, Hamburg served as 
an assistant secretary at the Department 
of Health and Human Services during the 


Safe? FDA is scru- 
tinizing a residue 
in plastic. 


Clinton Administration, where she special- 
ized in bioterrorism and planning a response 
to a potential flu epidemic. 

Funding has been a big part of FDA’s prob- 
lem: Its $2.66 billion budget for the 2009 fiscal 
year, while a boost from the previous year, still 
falls short of what many say the agency needs. 
(Last year, FDA spent 6% of its budget on 
basic research.) In addition, scientist turnover 
at FDA is twice that of other federal agencies, 
Cassell’s report noted. Philip Bushnell, a 
toxicologist at the Environmental Protection 
Agency who sat on an FDA sub- 
committee last fall that assessed the 
risks of bisphenol-A, a plastic found 
in baby bottles, says FDA officials 
at that review “were not up to speed” 
on the most current approaches to 
risk assessment. 

It’s clear that FDA needs more 
money, better morale, and im- 
proved leadership, says Garret 
FitzGerald, a pharmacologist at the 
University of Pennsylvania School 
of Medicine who sits on the agency’s 
Science Board, a group of outside 
advisers. But “let’s imagine all 
those things are fixed,” he contin- 
ues. That’s still not enough, he 
believes, to provide FDA with the 
scientific expertise it needs. 

To get that help, FitzGerald and 
others say, FDA needs to pursue 
more scientific collaborations. The 
agency has taken some steps in this 
direction—in 2006, it helped initi- 


\ 


Turley says: “As you’re reading an [investi- 
gational new drug application] and you’re 
trying to understand the readouts and the 
tests, you have people on hand” who under- 
stand the technology. 

While Cassell praises the fellowship 
program—her report urged FDA to bring in 
many more visiting scientists—several FDA 
watchers say more radical change is needed. 
FitzGerald wants to see FDA fund academics 
to conduct research it needs done—for exam- 
ple, in rapid detection or drug toxicology. He 
notes that even when 
clear concerns arise, 
staff may lack the means 
to explore them. With 
Vioxx, an anti-inflam- 
matory drug pulled 
from the market in 2004 
after being linked to 
numerous heart attacks, 
“there were people in 
the FDA who knew that 
there was a problem 
very early on, but they 
had no way of going to a 
neutral testing ground” 
not connected to the 
drug company. FitzGerald 
envisions FDA farming 
this work out to academ- 
ics and allowing them to 
pursue research with 
unapproved drugs. The 
idea would ruffle long- 
standing conventions 


ate a consortium with the Founda- 
tion for the National Institutes of 
Health, industry, and others to iden- 
tify biomarkers for drug effective- 


New blood. Margaret Hamburg 
has been nominated to be 
FDA commissioner; Joshua 
Sharfstein, to be her deputy. 


about protecting com- 
pany secrets. 

But right now, FDA 
lacks the funds—and 


ness and safety. A year ago, FDA 
appointed its first chief scientist, Frank 
Torti, a cancer biologist from Wake Forest 
University School of Medicine. Torti has 
been acting commissioner since January 
when FDA head Andrew von Eschenbach 
stepped down. He also launched an effort to 
bring 50 scientists to FDA for 2-year fellow- 
ship stints; the first class is there now. 
Danielle Turley, who came to FDA as a 
fellow after a postdoc at Northwestern Uni- 
versity, is trying to identify biomarkers in 
stem cells drawn from bone marrow to help 
predict how safe and potent they’ll be. She 
is one of more than 1000 who applied for 
the first fellowships. Explaining why it’s 
important for FDA to support this research, 


possibly the initiative— 
to regularly nurture collaborations like these. 
And the agency is accustomed to taking the 
back seat, Torti suggested in an interview with 
Science last month. He described seeing a 
poster on salmonella by FDA researchers and 
assumed the work was paid for by FDA. The 
response, he recalled: “ ‘Oh, we would never 
have the money to fund that—it was the 
Department of Homeland Security that felt 
sorry for us and gave us the money.’” 
Whether Hamburg and Sharfstein can shift 
FDA’s culture will depend partly on the whims 
and generosity of Congress and the Obama 
Administration—and partly on how people in 
the agency respond. 
—JENNIFER COUZIN 
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Recipe for Rice Domestication Required Millennia 


Rice is delicious, nutritious, and the primary 
staple for about half of the world’s population. 
Most researchers agree that humanity’s close 
relationship with the grain (Oryza sativa) 
began thousands of years ago in China’s 
Yangtze River valley, but they have sharply 
debated when prehistoric farm- 
ers began domesticating wild 
rice and how long they took to 
do it. On page 1607 of this 
issue, archaeologists argue that 
rice remains from a 7000-year- 
old site in the Yangtze delta 
point to a later and slower 
domestication than has often 
been claimed. 

If correct, the findings sug- 
gest that the course of rice 
domestication paralleled that of 
cereal crops such as wheat and 
barley in the Near East, which 
apparently evolved only 
gradually into the domesti- 
cated plants we eat today 
(Science, 29 June 2007, 
p. 1830). “This is a very 
valuable and timely contri- 
bution to the sometimes 
heated debate about the dat- 
ing and pace of rice domesti- 
cation in China,” says James Innes, a paleo- 
ecologist at Durham University in the United 
Kingdom. But archaeologists who have argued 
that rice farming began as early as 10,000 
years ago in China are not convinced. “The 
interpretation of this paper is simplistic,” says 
Yan Pan, an archaeobotanist at Fudan Univer- 
sity in Shanghai, who says the debate cannot 
“be resolved by analyzing one single site.” 

The new data come from the site of Tian- 
luoshan, just inland from Hangzhou Bay, 
south of Shanghai. Excavations between 
2004 and 2007 revealed the wooden posts of 
buildings from a prehistoric village, along 
with boat paddles, stone axes, and thousands 
of plant remains. A team led by archaeologist 
Dorian Fuller of University College London 
and dig director Guo-Ping Sun of the Zhe- 
jiang Provincial Institute of Cultural Relics 
and Archaeology in the city of Hangzhou 
analyzed some 24,000 plant remains from the 
site, including about 2600 rice spikelets, 
which are attached to the stalk and carry the 
edible grain. In wild rice, the spikelets ripen 
and then fall to the ground naturally, allowing 
the plant to reproduce. But domesticated vari- 
eties require human action, such as threshing, 


to tear the spikelets from the stalk. Archaeol- 
ogists can often tell the difference: The bases 
of wild spikelets have a smooth scar where 
they were attached to the plant, whereas 
domesticated spikelets have uneven scars 
from being torn off. 


leading to domestication of the grain. 


The team focused on three archaeological 
levels spanning 6900 to 6600 years ago, based 
on radiocarbon dating of rice and other plant 
remains. (All dates are in calibrated calendar 
years.) Over that 300-year period, domesti- 
cated spikelets increased from 27.4% of the 
total to 38.8%; over the same time, rice 
increased from 8% to 24% of the total plant 
remains, which came from more than 50 
species including wild acorns and water chest- 
nuts. Fuller and his colleagues conclude that 
domestication was a slow process still under 
way 6600 years ago, and that the villagers of 
Tianluoshan relied heavily on wild plants— 
such as wild rice and acorns—at that late date. 

The rise in domesticated spikelets over 
time shows that the villagers also cultivated 
wild rice: As they preferentially harvested 
and later replanted the grains that clung to the 
stalk longer, they inadvertently selected for 
mutants that separated less easily from the 
stalk. Evidence from other sites in the region 
suggests that early farmers often harvested 
wild rice when it was still immature to avoid 
losing the grains, and the team also found 
many immature spikelets at Tianluoshan. The 
team notes that a mix of wild and domesti- 


Early harvest. Prehistoric villagers at Tianluoshan cultivated 
wild rice, distinguished by its spikelets (inset), eventually 


cated spikelets has also been found at the 
nearby 8000-year-old Yangtze Delta site of 
Kuahuqiao, suggesting that the full transition 
from wild to domesticated rice cultivation 
took at least 2000 to 3000 years. 

Such a slow and late domestication 
clashes with the idea that rice 
domestication began 10,000 
years ago in China. The most 
recent of such claims was 
made in a 2006 paper in 
Antiquity on the 10,000-year- 
old site of Shangshan, about 
150 kilometers southwest of 
Tianluoshan. Archaeologists 
Leping Jiang of the Zhejiang 
Provincial Institute of Cultural 
Relics and Archaeology in 
China and Li Liu of La Trobe 
University in Melbourne, 
Australia, argued that some 
charred rice husks at the site 
were shorter and wider than 
those of wild rice. They said 
that rice at the site “probably 
was already in an early stage 
of domestication.” But Fuller 
says detailed analysis, rather 
than simple eyeballing, is 
required for such a claim. The 
paper sparked a heated debate among Fuller, 
Jiang, Liu, Pan, and others in the pages of 
Antiquity and the journal Holocene, filling 
dozens of pages in 2007 and 2008. 

Liu, Pan, and others say that Tianluoshan 
is not necessarily representative of the whole 
Yangtze River valley region or, certainly, the 
rest of China. Tianluoshan’s late rice domesti- 
cation does not invalidate the much earlier 
dates from Shangshan and several other sites, 
they say. Yongqiang Zong, a geoarchaeologist 
at the University of Hong Kong, agrees: 
“What Fuller et al. have reported is only rep- 
resentative of the area on the southern side of 
the Hangzhou Bay.” 

Even Fuller’s opponents in the debate 
acknowledge the importance of Tianlu- 
oshan’s new evidence, however. “The quality 
of the data is unprecedented,” says Liu, who 
adds that the new study “is the most system- 
atic and detailed” to date on rice domestica- 
tion. The paper is unlikely to resolve the 
debate, Innes says, but “it is exactly the kind 
of focused research that is needed to improve 
our understanding of the complex rice- 
domestication process.” 


—MICHAEL BALTER 
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SOLAR PHYSICS 


Unseen Link May Solve the Mystery 
Of the Sun's Superhot Corona 


Why would the sun’s faint, thin crown of 
ionized gas—so prominent during an 
eclipse—be at 1,000,000°C when the 
underlying surface is only 6000°C? Good 
question, solar physicists say. The energy 
ultimately comes from below, but how 
does it get to the corona? Researchers 
watching the sun from the ground in 
unprecedented detail think they have an 
answer: The energy is piped upward in the 
form of curious, twisty magnetic waves 
detected on the sun for the first time. 

The new observations are “very exciting,” 
says solar physicist Markus Aschwanden of 
Lockheed Martin’s Solar and Astrophysics 
Laboratory in Palo Alto, California. “The 
measurements are getting better and better.” 
Still, he adds, there are other explanations 
for what scientists are seeing, and most 
solar physicists remain unconvinced that it’s 
anything fundamentally new. 

On page 1582, solar physicist David Jess 
of Queen’s University Belfast and col- 
leagues explain how they peered into an 
apparently empty layer just above the sun’s 
visible surface, or photosphere, looking for 
an energy connection to the corona. Both 
above and below the photosphere, the sun is 
nothing but ionized gas—plasma—perme- 
ated by powerful magnetic fields. Energy is 
flowing every which way in the form of 
waves and oscillations in the plasma and 


Tiny but potent? Magnetic waves from bright specks on the 
sun (here in false color) may be heating the solar corona. 


along the magnetic fields. The problem for 
solar physicists has been that none of the 
detectable energy flows looked big enough 
to heat the corona to a million degrees. 

Jess and his colleagues took a closer 
look at one patch of the sun using the 
Swedish 1-m Solar Telescope on La Palma 
in the Canary Islands. Using adaptive 
optics to remove blurring due to Earth’s 
turbulent atmosphere, they could resolve 
features as small as 110 kilometers and 
detect spectral shifts around the wave- 
length of the hydrogen-alpha absorption. 
Looking above a tight bunch of particu- 
larly bright spots on the photosphere, 
called a bright point group, they found dis- 
tinctive oscillations in the motions of 
plasma revealed as Doppler shifts. 

The group interprets the oscillations as 
Alfvén waves driven upward from the 
churning photosphere in the form of a 
flaring tube to the bottom of the corona 
5000 kilometers above. Long hypothesized 
but never directly detected on the sun, 
Alfvén waves are twisting oscillations 
along magnetic field lines formed as if you 
could grab the ends of the field lines and 
twist them one way and then the other, 
sending your energy out in the twists prop- 
agating along the field lines. The group 
calculates that there are enough bright 
point groups on the sun for their Alfvén 
waves to heat the corona to its 
observed million degrees. “We 
have conclusive evidence that 
Alfvén waves do exist [on the 
sun], and they have the potential to 
transport all the needed energy,” 
Jess says. 

“There’s definitely something 
there,” Aschwanden says. “The 
question is whether Alfvén waves 
are the only way to interpret it. 
Theirs is one interpretation. Their 
measurements must stand the test 
of time.” Most other solar physi- 
cists agree. Even if powerful Alfvén 
waves exist, they add, no one has 
explained how the waves break into 
the corona and dissipate their 
energy there. Many favor a differ- 
ent heating source, tiny but abun- 
dant solar nanoflares. Aschwan- 
den’s conclusion: “We need better 
measurements.” —-RICHARD A. KERR 


NEWS OF THE WEEK la 


ScienceNOW.org 


From Science's 
Online Daily News Site 


Split-personality superconductor. 
Researchers have long divided superconduc- 
tors into two broad groups, depending on how 
they react to a magnetic field. Now, experi- 
ments by a group led by Victor Moshchalkov at 
the Catholic University of Leuven in Belgium 
show that one well-studied superconductor, 
magnesium diboride, actually belongs to both 
groups at the same time. That surprising find- 
ing suggests that superconductivity, which has 
already netted four Nobel Prizes, may be an 
even richer phenomenon that previously 
thought. The results will be published in 
Physical Review Letters. 


LS 


Self-medicating caterpillars. Woolly bear 
caterpillars (Grammia incorrupta) like to 
dine on plants loaded with toxic pyrrolizidine 
alkaloids. Evolution- 
ary ecologist Michael 
Singer of Wesleyan 
University in Middle- 
town, Connecticut, 
and his colleagues 
surmised that the 
toxin may help the 
caterpillars overcome 
an infestation with 
the larvae of parasitic tachinid flies, a com- 
mon scourge of these caterpillars. In the lab, 
the researchers provided infested and un- 
infested woolly bear caterpillars with either 
pyrrolizidine alkaloids or sugar. Infested 
caterpillars ate twice as much toxin as their 
uninfested brethren did, and the alkaloids 
increased their survival by 20%. This suggests 
that when the caterpillars feed on toxic plants, 
they are self-medicating, says Singer. It is 
believed to be the first time scientists have 
shown that an invertebrate can self-medicate 
when sick. The findings were published online 
in PLoS ONE. 


Ancient lefties. Right-handed people may 
predominate here on Earth, but all of us are 
built from amino acids that are chemically 
“left-handed.” Two NASA scientists studying 
meteorites older than our planet report in 
the Proceedings of the National Academy of 
Sciences that they have found a majority of 
left-handed amino acids, suggesting that 
our solar system has always had a preference 
for southpaws. 


Read the full postings, comments, and more 
on sciencenow.sciencemag.org. 
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OBAMA EXECUTIVE ORDER 


For Congress and NIH, Headaches 
Ahead on Stem Cells 


With his long-awaited 9 March executive order 
lifting restrictions on federal funding for stem 
cell research, President Barack Obama has 
opened the door to some political fighting as 
nasty as any that has been seen so far on the 
subject of research with human embryonic 
stem (hES) cells. 

As scientists hoped, Obama left all the 
details of the policy, which erased limits 
imposed 8 years ago by President George W. 
Bush, to be determined by the National Insti- 
tutes of Health (NIH). The Bush policy 
restricted federal funding to work on hES cell 
lines created before 9 August 2001 from sur- 
plus embryos slated for discard by fertility 
clinics. NIH has until 7 July to put out a draft 
set of regulations, digest the tsunami of public 
comment expected, and establish a final set of 
guidelines on just what it will fund. 

Scientists are thrilled that Obama is follow- 
ing their advice, but the new executive order 
leaves a void that, albeit temporary, is causing 
considerable anxiety in some quarters. At issue 
is the biological source of the hES cell lines 
now eligible for federal support. The question 
is whether work will still be limited to lines 
derived from surplus fertility clinic embryos or 
whether the government will approve the use 


AUSTRALIA 


of lines from embryos that have been created 
solely for research. Many scientists would like 
to work with lines created through research 
cloning, or somatic cell nuclear transfer 
(SCNT). This procedure—which has yet to be 
tried successfully—would enable a scientist to 
use a skin cell from a patient with Parkinson’s 
disease, for instance, to reprogram an egg to 
generate an embryo so a particular disease 
could be studied in a test tube. Ultimately, 
some believe cell lines from such embryos 
could be used in genetically tailored cell thera- 
pies. The Dickey-Wicker Amendment pro- 
hibits federally funded scientists from harming 
embryos, which means they would not be 
allowed to derive the cell lines they work with 
regardless of the source. But there is no federal 
law governing cloning—either for research or 
for reproduction—so scientists could obtain 
cell lines from privately sponsored sources. 

The stem cell community was expecting 
that as soon as Obama acted, Congress would 
codify the executive order by repassing a 
measure—twice vetoed by Bush—authoriz- 
ing the government to support research, 
regardless of the date of derivation, on stem 
cell lines derived from excess embryos created 
for fertility treatments. 


Now, however, with the source of eligible 
lines unspecified in the executive order, the 
bill’s sponsors are heading back to the drawing 
board. A Senate staffer won’t say whether they 
are thinking of eliminating the excess embryo 
restriction: “I think at this moment we are wait- 
ing to see what the NIH guidelines are going to 
be.” On the House side, an aide to Representa- 
tive Diana DeGette (D—CO) e-mailed Science 
that “in light of the president’s Executive Order 
and in consultation with the experts, [sponsors 
of the bill] are reviewing past legislative efforts 
to assess what needs to be done going for- 
ward.” Apparently, the sponsors were caught 
flat-footed. “The White House wouldn’t tell us 
what was in the executive order before it was 
signed,” says a staffer. While Congress wants 
to wait to see what NIH says, people at NIH 
would like to find out more about what Con- 
gress wants as they struggle to get draft guide- 
lines ready before the end of April. 

The traditional opponents of hES cell 
research are expecting the worst. Even with the 
derivation of new cell lines still banned, some 
fear the new policy will turn the federal gov- 
ernment into an indirect supporter of cloning. 
The executive order “turned out to be far more 
extreme than [the] biggest proponents had 
hoped,” said the Family Research Council. 
“With no clear policy from the White House, 
you and I could be footing the bill for research 
that clones embryos just to scavenge their 
parts.” Psychiatrist and columnist Charles 
Krauthammer, a former member of the presi- 
dent’s bioethics commission, said in an > 


Stem Cell Center Looks to Recast Itself in Supporting Role 


MELBOURNE, AUSTRALIA—The Australian 
Stem Cell Centre (ASCC), a controversial 
experiment in speeding the commercialization 
of stem cell research, is slated for a radical 
overhaul. For the next 2 years, the center plans 
to turn away from its much-criticized 
commercial focus and recharge its 
research effort. Then in 2011, ASCC is 
likely to be transformed into an outfit 
that provides technical and licensing 
support for stem cell research. 

The government-funded consor- 
tium of top stem cell researchers, which 
has received $75 million since it was 
founded in 2002, has long suffered 
from a clash of visions. One camp led 
by its former CEO, biotech entrepre- 
neur Stephen Livesey, championed a 
model in which ASCC products would 


New map. Andrew Elefanty (left) and Da 
an effort to rethink stem cell research plans. 


sustain the center after 2011, when public 
funding runs out. A second camp led by 
founder Alan Trounson, now leader of Cali- 
fornia’s stem cell program (see p. 1564), 
argued that the time frame was unrealistic; 


the focus, he felt, should be on excellent 
research, and commercial spinoffs would fol- 
low. Trounson lost the battle and left in 2003. 
His departure did not ease tensions, which 
came to a head last August after a govern- 
ment review criticized ASCC’s busi- 
ness plan. Livesey was sacked and the 
board purged (Science, 24 October 
2008, p. 524). 

With the clock ticking, ASCC sci- 
entists are reviewing research plans 
and scoping out alternative funding 
sources. The Australian government is 
expected to decide by June whether to 
endorse a new business plan and 
release the final 2 years of ASCC’s 
public funding—or close it down early. 

Andrew Elefanty, an embryonic 
stem cell researcher at Monash Univer- 
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Supply lines. Obama has left it up to NIH and Congress to 
decide whether to restrict funding to cells derived from fertility 


clinic discards. 


op-ed column that he does not oppose hES cell 
research but accused the president of “moral 
abdication” in leaving it up to scientists 
whether to create embryos solely for research. 
On the contrary, says Harvard University’s 
George Daley: “We need legislation that 
allows [such] decisions ... to be left to scien- 
tists.” Daley points out that guidelines ham- 
mered out in 2005 by a committee of the 
National Academy of Sciences (NAS) and reg- 
ularly updated, as well as recommendations by 
the International Society for Stem Cell 
Research, do not specify what biological 
sources should be used but focus on informed 
consent procedures for obtaining eggs, sperm, 
or embryos, and proper scientific procedures. 


sity in Clayton, and hematologist David 
Haylock, whose lab studies adult stem cells at 
ASCC’s administrative center in Monash, 
were appointed last October to head a com- 
mittee to chart a new course. The duo has 
upended the former management’s top-down 
approach—particularly its power to design 
projects and decide who should work with 
whom. “That’s not the way collaborations 
work best,” says Elefanty. “Right from the 
beginning, we were bleating: “You can’t force 
researchers to get into bed together.’ ” 

Now ASCC researchers are masters of 
their destinies. “Previously, everything had to 
be aligned with commercial due-diligence 
decisions, which tended to hamper scientists 
getting together and doing what they do,” says 
ASCC member Lars Nielsen, a biomedical 
engineer at the University of Queensland in 
St. Lucia. “Instead of a product pull, we now 
have a science push.” Last month, all ASCC 
researchers were required to submit proposals 
to the center for projects over the next 2 years. 


So far, there’s no available evi- 
dence that researchers anywhere 
are using lines other than from 
excess IVF embryos, says Willy 
Lensch, who works in Daley’s lab 
at Harvard. Ina survey of the liter- 
ature, he has found references to at 
least 783 lines. “I’ve never 
encountered a report that IVF was 
used specifically to make a line of 
hES cells,” he says. 

University of Pennsylvania 
bioethicist Jonathan Moreno, a 
member of the NAS embryonic 
stem cell committee, says, “I 
would be surprised if NIH went 
beyond IVF discards” and opened 
the door to other embryo sources. 
But Daley says that even then, “the 
definition of ‘excess embryos from IVF’ is 
critical.’ Would lines derived only from frozen 
blastocysts be allowed, as was proposed in the 
last days of the Clinton Administration, or 
lines from fresh discarded embryos, like those 
made in Daley’s lab, be included? 

Out in the field, the executive order is lend- 
ing new energy to efforts in some states to 
clamp down on hES cell research. The Geor- 
gia Senate on 12 March passed a bill intro- 
duced just that week with the support of Gov- 
ernor Sonny Perdue. It prohibits the creation 
of embryos for research—and covers not only 
SCNT but also parthenogenesis, in which 
nonviable embryos are generated from un- 
fertilized eggs. —CONSTANCE HOLDEN 


That will better prepare them to compete for 
non-ASCC funding, says acting ASCC board 
chair Graham Macdonald. 

Under a revised business plan that ASCC 
expects to deliver to the government by the 
end of April, ASCC would focus on licensing 
key technologies developed by the center, 
such as Haylock and Susie Nilsson’s artificial 
niches for multiplying adult stem cells. ASCC 
would abandon attempts to commercialize a 
blood-cell product—the Holy Grail from its 
inception but a strategy that reviewers say was 
unattainable by 2011. 

Beyond July 2011, ASCC would cease 
conducting its own research. Instead, it would 
provide services such as stem cell cultivation 
and commercialization expertise, with an eye 
toward joining the ranks of 12 other national 
infrastructure facilities. Its 130 scientists, 
meanwhile, would stay with their home insti- 
tutions and seek research funding from tradi- 
tional sources. ELIZABETH FINKEL 
Elizabeth Finkel is a writer in Melbourne, Australia. 


NEWS OF THE WEEK le 


Science|lnsider 


From the Science 
Policy Blog 


The FBI is investigating the 7 March fire- 
bombing of a UCLA neuroscientist’s car 
by animal-rights extremists. It’s the 
latest in a string of terror attacks on Uni- 
versity of California scientists that goes 
back to 2006. The university and local 
authorities are offering a reward of 
$445,000 for information related to the 
incident. The targeted scientist was not 
identified by authorities. 


Sciencelnsider revealed that the Defense 
Advanced Research Projects Agency is 
looking into funding research on geo- 
engineering, the deliberate tinkering 
with Earth's climate to combat global 
warming. The secretive and risk-taking 
agency sponsored a nonclassified meeting 
this week in Palo Alto, California, to 
explore the topic. But at least one climate 
scientist invited to the meeting feels that 
the military shouldn't be helping to 
develop such techniques. 


A Washington, D.C., meeting was con- 
vened to brainstorm ways to help the Iraqi 
academic and research enterprise get 
back on its feet. Despite billions of dollars 
in aid to the war-torn nation since the U.S. 
invasion in 2003, presenters at the confer- 
ence reported little progress in rebuilding 
the scientific infrastructure. Among the 
ideas floated were fellowships to encour- 
age young Iraqi scientists to visit the 
United States, but participants fear that 
could result in a brain drain. 


And in more sobering news from the 
Copenhagen Climate Congress (p. 1546), 
Sciencelnsider blogged on alarming new 
results regarding polar ice shrinkage and 
the unappreciated threat of soil carbon. 
Researchers at the meeting also released a 
new scheme aimed at more fairly distribut- 
ing emissions allocation certificates 
under a future greenhouse emissions cap, 
starting with the principle that every human 
should operate under the same emissions 
limit. And is Denmark really the green role 
model it advertises itself as? 


For the full postings and more, go to 
blogs.sciencemag.org/scienceinsider. 
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Rewiring Faulty 


Circuits in the Brain 


A wide range of neuropsychiatric disorders seems to respond to deep 
brain stimulation—but how does it work, and where will it lead? 


For some patients with severe movement 
disorders like Parkinson’s disease, years of 
struggle and frustration end with a flip of a 
switch that sends pulses of electric current 
through electrodes implanted deep inside 
the brain. Although it’s considered only as a 
last resort for patients who’ve failed to 
respond to less invasive treatments, deep 
brain stimulation (DBS) has helped more 
than 55,000 people suffering from Parkin- 
son’s disease, essential tremor, or dystonia 


regain control of their bodies and their lives. 

But despite the many success stories, 
remarkably little is known about how DBS 
works. Two studies in rodent models of 
Parkinson’s disease published this week by 
Science provide some intriguing clues— 
and underscore how much remains to be 
figured out. One uses a sophisticated com- 
bination of genetic engineering and optics 
to investigate the mechanisms of DBS. The 
other suggests that stimulating the spinal 


Operation better mood. Doctors in Germany pre- 
pare to implant DBS electrodes in a man with severe 
depression. 


cord—a far less invasive procedure—may 
have comparable benefits. 

Even less is known about how DBS might 
help people with psychiatric conditions, yet its 
use in this area is mushrooming: Last month, 
the U.S. Food and Drug Administration 
(FDA) approved DBS for treating severe, 
intractable cases of obsessive-compulsive 
disorder (OCD), and in the past year, two 
clinical trials for major depression were 
launched. All told, DBS is being used or 
investigated as a treatment for at least a 
dozen disorders. “The bionic age is here,” 
says Michael Okun, a neurologist and DBS 
researcher at the University of Florida in 
Gainesville. “Over the next 10 years, there’s 
going to be several hundred thousand people 
worldwide with these devices for all sorts of 
different disorders.” 

All this progress makes even some propo- 
nents of DBS slightly uneasy. Haunted by the 
frontal lobotomies and other horrors of early 
20th century psychosurgery, they insist that 
rules be developed to ensure that the errors of 
the past are not repeated. Fortunately, knowl- 
edge of the brain, not to mention ethical stan- 
dards, have improved considerably since 
then. Even so, many researchers and clini- 
cians agree that DBS should be an option 
only when it’s backed by a strong scientific 
rationale and the fully informed consent of 
patients—not necessarily a trivial matter in 
those with severe mental disorders. 


Moving forward 

Parkinson’s disease affects the basal ganglia, 
a neural circuit deep in the brain that plays a 
crucial role in regulating movement. When 
dopamine-releasing neurons in one part of 
the basal ganglia die off, the circuit malfunc- 
tions, resulting in the disease’s hallmark 
tremor, rigidity, sluggish movement, and 
impaired balance. Drugs that restore 
dopamine help many patients but often stop 
working with time. 

The rationale for DBS grew out of stud- 
ies with animal models of Parkinson’s dis- 
ease that found that destroying certain nodes 
in the basal ganglia circuit reduced symp- 
toms. Pulsing electrical current through thin 
wire electrodes placed in these brain regions 
had a similar effect, presumably by disrupt- 
ing abnormal patterns of neural activity 
caused by the loss of dopamine. In people, 
DBS can reduce Parkinson’s symptoms for 
years. But the exact mechanism is unclear, 
and researchers don’t even agree on whether 
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the benefits result from exciting or inhibit- 
ing neurons near the electrode’s tip. 

The answer may be neither, according to 
work reported online this week in Science 
(www.sciencemag.org/cgi/content/abstract/ 
1167093) by researchers at Stanford Univer- 
sity. Led by Viviana Gradinaru and Murtaza 
Mogri in the lab of Karl Deisseroth, the team 
used exciting new “optogenetics” methods 
(Science, 15 December 2006, p. 1674) to 
dissect the neural circuitry in a component 
of the basal ganglia that’s a 
common target for DBS therapy, 
the subthalamic nucleus (STN). 
The researchers injected viruses 
into the STN of rats and mice to 
introduce genes encoding light- 
sensitive ion pumps and chan- 
nels originally found in archaebacteria and 
algae. When neurons produce these proteins 
and stick them on their outer surface, their 
activity can be stimulated or inhibited— 
depending on the type used—by pulses of 
laser light delivered by an optical fiber 
inserted into the brain. By linking the pump 
or channel genes to stretches of regulatory 
DNA expressed only in certain cell types, 
the researchers could target them to just 
those cells. This approach is, in effect, a 
smarter form of DBS: Whereas the metal 
electrodes used in DBS create an electrical 
field that indiscriminately affects all nearby 
cells, the laser affects only the targeted cells. 

In one experiment, the researchers 
inserted light-activated chloride pumps into 
the primary type of excitatory neuron in the 
STN. Pulses of laser light activated the 
pumps and squelched neural firing, enabling 
the researchers to test the popular hypothesis 
that turning off these neurons—and thereby 
dampening the overall level of neural activ- 
ity in the STN—is the key to the therapeutic 
effect of DBS for Parkinson’s disease. That 
doesn’t appear to be the case. Turning off the 
excitatory STN neurons had no effect on 
movement abnormalities in Parkinsonian 
rats. Additional experiments failed to turn 
up evidence for a competing hypothesis: that 
DBS works by evoking rapid firing in the 
STN neurons, or for yet another proposal, 
that it works by activating nearby glial cells. 

Instead, Deisseroth and colleagues sus- 
pect that the key may be manipulating axons 
that carry signals into the STN from other 
areas, including the primary motor cortex, a 
movement-control region on the surface of 
the brain. When they optically stimulated 
cortical neurons whose axons extend down 
into the STN in Parkinsonian mice, symp- 
toms diminished as much as they did with 
standard DBS. 


S: 


Greg Miller. 
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The study demonstrates the power of opto- 
genetics for dissecting the circuits involved in 
brain disorders, says Helen Mayberg, a neu- 
rologist and DBS researcher at Emory Univer- 
sity in Atlanta, Georgia. When Deisseroth pre- 
sented the work at psychiatry grand rounds at 
Emory a few weeks ago, Mayberg says, “peo- 
ple sat there with their mouths open in total 
awe of the possibilities.” Mayberg and others 
think it might eventually be possible to 
develop optogenetics therapies for people. In 
principle, such treatments could 
maximize efficacy and minimize 
side effects, such as some of the 
mood and cognitive disturbances 
in some Parkinson’s patients with 
DBS—but only if the method, 
particularly the genetic manipula- 
tion, proves safe to use in people. 

In the meantime, a paper on page 1578 
hints at the possibility of a simpler alterna- 
tive to DBS. Romulo Fuentes, Per Petersson, 
and Miguel Nicolelis of Duke University 
and their colleagues report that stimulating 
electrodes placed on the surface of the spinal 
cord dramatically improved locomotion in 
mouse and rat models of Parkinson’s dis- 
ease. Nicolelis’s team also monitored neural 
activity in the basal ganglia and motor cor- 
tex during spinal stimulation. These record- 
ings suggested that spinal stimulation helps 
restore normal communication between 
these two brain regions by disrupting abnor- 
mal oscillations in neural firing caused by 
dopamine depletion. Nicolelis notes that the 
spinal electrodes stimulate fibers that con- 
vey tactile information to the brain, includ- 
ing the motor cortex, and he speculates that 
this indirect stimulation of cortex somehow 
breaks up the aberrant oscillations. 
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“Tf this were to be scalable to humans with 
Parkinson’s disease, it would be a major 
achievement,” says Andres Lozano, a neuro- 
surgeon at Toronto Western Hospital in 
Canada. It’s a much simpler and potentially 
safer procedure than implanting DBS elec- 
trodes in the basal ganglia, he says. 

Both Science papers point to the cortex as 
an important player in the therapeutic effect of 
DBS for Parkinson’s disease, says Cameron 
McIntyre, a biomedical engineer at the Cleve- 
land Clinic in Ohio. That idea has gotten rela- 
tively little attention because researchers 
interested in the mechanisms have focused on 
neurophysiological effects within the basal 
ganglia, McIntyre says. “We need to start 
understanding more about what’s happening 
at the cortical level,” he says. 


Mental stimulation 
For all the questions remaining about DBS 
and movement disorders, even less is known 
about why electrodes implanted in the brain 
help many patients with severe psychiatric ill- 
ness. The first such condition to be treated 
experimentally by DBS was OCD. In a 1999 
pilot study in The Lancet, Belgian and 
Swedish researchers reported encouraging 
results in three of four OCD patients achieved 
by implanting electrodes in the anterior limbs 
of the internal capsule, an axon bundle deep 
in the brain. Destroying this part of the brain 
had been shown to help people debilitated by 
severe cases of OCD, and the Belgian team 
reasoned that electrodes that disrupt neural 
activity might provide similar benefits with- 
out the finality of destroying brain tissue. 
Brain surgery may seem like an extreme 
intervention for OCD, but the worst cases are 
incredibly debilitating, says Wayne Goodman, 


Enlightening. Researchers 
have used new optogenetics 
methods to shed light on the 
mechanisms of DBS for 
Parkinson's disease. 
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director of adult translational research at the 
National Institute of Mental Health (NIMH) 
in Bethesda, Maryland, who helped develop 
the clinical scale that’s used to assess the 
severity of OCD symptoms. Among other 
things, it considers the amount of time spent 
on obsessive thoughts. “For the patients who 
are candidates for DBS, we’re talking more 
than 8 hours a day, and sometimes every 
waking minute being bombarded by 
thoughts and being driven to perform rituals 
over and over,” Goodman says. “Their life is 
consumed by their illness.” 

Approximately 50 such patients have 
now received experimental DBS implants. 
Last year, researchers reviewed 26 cases in 
Molecular Psychiatry (Goodman and Okun 
were among the 20 co-authors). All had tried 
multiple courses of medication and behav- 
ioral therapy without success. With DBS, 
more than one-third of the patients went into 
remission, and about two-thirds were living 
more independently and functioning better 
at school or work. Based largely on these 
findings, in February 2009, the FDA granted 
DBS device manufacturer Medtronic Inc. of 
Minneapolis, Minnesota, a humanitarian 
device exemption for chronic, severe OCD. 
This type of limited approval 
applies to treatments for rela- 
tively rare conditions, and it 
marks the first approval of DBS 
for a psychiatric condition in the 
United States. 

A far larger patient population 
that might benefit from DBS is 
people suffering from major 
depression. In a landmark 2005 
Neuron paper, Mayberg, Lozano, 
and colleagues reported that elec- 
trodes implanted in the subcal- 
losal cingulate gyrus and adjacent 
white matter caused remission in 
four of six patients who hadn’t 
responded to drugs, psychotherapy, 
or electroconvulsive therapy. 
Neuroimaging studies indicate 
that this region is hyperactive in 
people with depression, and its 
anatomical connections suggest it 
is a hub in a network of brain 
regions involved in regulating 
emotion, Mayberg says. In 2008, she and her 
colleagues reported in Biological Psychiatry 
positive effects in 12 of 20 patients, and the 
device manufacturer St. Jude Medical began 
a multicenter trial to test the treatment. 

In February, Medtronic announced it is 
starting its own trial to test DBS for depres- 
sion, targeting the same region that proved 
useful for treating OCD. In the initial OCD 


studies, some patients reported elevated 
mood, and a pilot study funded by 
Medtronic and published in February in Bio- 
logical Psychiatry found that eight of 15 
patients with treatment-resistant depression 
improved with DBS and four met the criteria 
for remission. The clinical trial will ulti- 
mately enroll 200 patients and, like the 
St. Jude trial, will have a double-blind, 
placebo-controlled design in which some 
patients will not have the electrodes turned 
on immediately after implantation. 

More research is needed to see which 
DBS target is most effective for depression, 
or whether different targets might work better 
for different patients, says Thomas 
Schlaepfer, a psychiatrist at the University of 
Bonn in Germany. He and colleagues have 
been investigating a third target, the nucleus 
accumbens, an integral part of the brain’s 
reward circuitry. Until the advent of DBS, 
Schlaepfer says, psychiatrists had little to 
offer patients with the most resistant forms of 
depression and OCD beyond ever-changing 
combinations of drugs and ever-higher doses. 
“DBS is a new hope.” 

And not just for depression. Studies are 
under way to investigate its use for Tourette 


Shocking behavior. An x-ray image shows DBS electrodes implanted in a 
patient with severe OCD. 


syndrome, epilepsy, and cluster headache, 
among other disorders. A smattering of case 
studies published in recent years hint at addi- 
tional possibilities. In 2006, for example, 
researchers reported that electrodes implanted 
in the thalamus partially restored some cogni- 
tive function in a minimally conscious man 
with traumatic brain injury (sciencenow. 
sciencemag.org/cgi/content/full/2006/1016/1). 


And in 2007, Lozano and colleagues 
described the curious case of a 50-year-old 
man who'd received experimental electrode 
implants in his hypothalamus to try to treat 
morbid obesity. He didn’t lose weight, but in 
the process of calibrating the electrodes, the 
researchers discovered that certain stimula- 
tion parameters evoked vivid memories from 
the man’s youth and improved his perform- 
ance on memory tests. Lozano suspects that 
the memory-enhancing effect resulted from 
the electrodes’ proximity to the fornix, a bun- 
dle of axons conveying signals to and from 
the hippocampus, a crucial memory center. 
The serendipitous finding prompted the 
team to try a similar procedure in people with 
early stages of Alzheimer’s disease. They 
have implanted electrodes in six people in 
hopes of staving off additional memory 
declines. “So far, we can tell you that it’s safe 
and it’s looking promising,” says Lozano, 
who plans to submit the findings for publica- 
tion later this year, after all six patients have 
had the implants for a full year. 

In response to the growing interest in 
DBS, some researchers have called for 
guidelines to ensure that studies adhere to 
stringent ethical standards and employ 
placebo controls, long-term fol- 
low up, and other experimental 
designs that maximize their sci- 
entific value. In the checkered 
history of early 20th century sur- 
gical interventions for psychi- 
atric illness, informed consent 
and scientific rigor were often 
lacking, Goodman and NIMH 
Director Thomas Insel note in a 
February editorial in Biological 
Psychiatry. “The clinical and sci- 
entific community must assure 
the public that the kind of mis- 
takes made before are not 
repeated,” they wrote. 

Even if DBS is developed 
safely and ethically into a main- 
stream treatment, its very success 
might raise new quandaries. 
Would people with implants for 
obesity or addiction have the 
right to turn the stimulator off— 
and if so, would there be any 
point to the treatment? Could violent crimi- 
nals be given implants to inhibit aggression 
in exchange for reduced sentences? Should 
healthy people be allowed to receive 
implants to boost their memory or other cog- 
nitive faculties? If the bionic age is indeed 
upon us, such questions may beg for answers 
sooner than we think. 

-GREG MILLER 
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A Lifetime of Work 
Gone to Waste? 


One scientist who helped léad-the effort to:characterize the 
Yucca Mountain-repository talkssabout the -latést.setback 


John Stuckless, a geochemist with the U.S. 
Geological Survey, spent 23 years probing the 
ancient history of Yucca Mountain, Nevada, 
and trying to predict its future. Working out of 
the survey’s Denver, Colorado, office, he 
helped lead a large-scale scientific effort, 
costing hundreds of millions of dollars, to 
determine whether the site could safely store 
highly radioactive waste from nuclear power 
plants for thousands of years. 

Last April, Stuckless, age 64, retired 
from the survey. Three months later, the 
Bush Administration formally applied for 
a license from the Nuclear Regulatory 
Commission to build a nuclear-waste 
repository at Yucca Mountain. Mission 
accomplished? Hardly. 

The long and expensive search for a suit- 
able disposal site appears far from over. 
Nevada politicians have fought the reposi- 
tory ever since Congress chose Yucca 
Mountain in 1987 over alternatives in Texas 
and the state of Washington. Their hand was 
strengthened 2 years ago when the state’s 
senior senator, Democrat Harry Reid, 
became majority leader. They also have the 
support of President Barack Obama. 
Declaring that storing nuclear waste at 
Yucca Mountain “is not an option,” the 
Administration’s budget request for 2010 
cuts funding for the repository. Instead, offi- 
cials are promising “a new strategy toward 
nuclear-waste disposal.” 

The last word on Yucca Mountain proba- 
bly hasn’t been spoken. Many members of 
Congress still support the repository, and the 
Obama Administration has not withdrawn 
the government’s application for a license. 
Even so, Science wanted to know what it 
feels like to have the rug pulled out from 
under a quarter-century of scientific work. 
Here’s one man’s answer. —DAN CHARLES 
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Q: What brought you into the project? 

].S.: It was the death of my wife. I had been 
working a lot internationally, and I had two 
small children. I wanted an assignment that 
didn’t require travel. 


Q: Was this considered a plum assignment, 
or was it something that people didn't 
particularly want to work on? 

J.S.: That varied, depending with whom you 
spoke. A lot of the geologists did not like the 
idea of being directed in their research and 
[felt that the Department of Energy] really 
only wanted to know the favorable things. 
At least that was the perception. I don’t 
think it was actually true. 

Some of the people in the Geology Division 
weren’t very happy about working for DOE, so 
they moved the whole thing into Water 
Resources. The Water Resources people 
tended to take a lot of assignments working for 
others—whom they called “cooperators.” 


Q: Is that because hydrology was the key? 
].S.: That’s not what drove it, but hydrol- 
ogy was really the main question that 
needed to be solved. Because if 
radioactive waste does move, it’ll 
be through water. But there 
also were scenarios involy- 
ing major geologic things— 
volcanic eruptions and 
seismic activity. 

A lot of the research was 
driven by somebody’s belief 
that there was a problem. 
DOE would then direct us, 
or one of the national labs, to 
evaluate it. 


Q: Was it interesting work? 
J.S.: Yeah! I basically had to learn 
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A mountain of data. John Stuckless (below) and the 
Yucca Mountain repository site. 


more areas of geology than I would ever 
have attempted to learn had I not been on 
this program. We did everything, including 
climatology, seismology, and volcanology. 
It was a very broadening experience. 


Q: Was it worthwhile as a purely scientific 
exercise? 

J.S.: Yes. Maybe not at the cost that we 
ended up with. But certainly we advanced 
the knowledge of geology of the unsatu- 
rated zone—the region above the water 
table—by orders of magnitude. We learned 
a lot about paleoseismology. We learned a 
tremendous amount about paleoclimate in 
the region. It really kicked off a lot of inter- 
est in that area. 

We brought together paleontologists, 
chemists, geomorphologists. And I think we 
ended up with a much more complete picture 
than if these individuals had just been work- 
ing on their own. 


Q: Can you think of another project like this? 
J.S.: No, I really can’t. There’s never been 
any reason to study any other point on the 
Earth to this degree. 


Q: One of your colleagues called Obama's 
decision “a slap in the face to the energy and 
integrity of the scientists who have worked 
out there.” How do you feel? 
].S.: I think it’s very irresponsible. What it 
basically says is, they have no faith in the 
people who did the work, and they have no 
faith in the Nuclear Regulatory Commission 
to make a good decision. I mean, if 
there is something wrong with 
the work, the NRC will find it. 
Decisions like that should be 
based on information, not on a gut 
feeling. The information we have is 
that there’s basically nothing 
wrong with that site, and 
youre never going to find 
a better site. 


Q: Does it leave 
you with a sense of 
wasted effort? 
J.S.: No, because 
I’m moderately 
convinced that this 
is just a short-term 
hiccup in the road 
and that reason will 
prevail. But I don’t know 
how long it will take. 
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Twenty years after the Exxon Valdez oil spill, 
little remains in Prince William Sound to 
remind the eye of 1989’s striking images of 
oiled birds and sea otters, or of armies of 
workers in protective gear toiling to clean 
blackened beaches. Today, the waters of the 
sound are turquoise and the shorelines bristle 
with life, almost none of it human. 

But researchers are still studying the 
spill’s persistent aftereffects: Even as many 
species have recovered, others continue to 
struggle. Some may still come in contact 
with the oil that lingers, tucked away below 
the rocky surfaces of the beaches. 

Scientists—some of whom have studied 
the spill for the entire 2 decades and are now 
looking to retire—are taking stock of their 
results and working to determine how (and 
whether) they might encourage further 
recovery of the ecosystem. This month, the 
Exxon Valdez Oil Spill Trustee Council, 
which oversees research and restoration, 
released its summary report. “It’s not just 
research for the sake of research,” says 
Catherine Boerner, a restoration specialist 
with the Trustee Council. The science now 
looks squarely at how to manage the injured 
species, she says, such as by opening a fish- 
ery or culling predators. 

Before the incident, researchers had lim- 
ited understanding of the long-term effects 
of a big spill. The Valdez studies are the 
largest, longest, and most expensive ever 
done. They suggest, for example, that oil 


may persist much longer than expected, 
affecting intertidal organisms, and that 
chronic exposure to low levels of oil can 
inflict subtle damage on wildlife. Many of 
the hundreds of scientific reports are 
“incredibly influential papers” that “will be 
cited for a long time,” says marine chemist 
Christopher Reddy of Woods Hole Oceano- 
graphic Institution in Massachusetts, who 
did not work on the spill. 

Despite the mountain of studies, gov- 
ernment-funded and Exxon-funded scien- 
tists still clash over the spill’s long-term 
effects and whether Exxon should pay the 
government an additional $92 million for 
yet more research. Government scientists 
say Exxon researchers don’t accept good 
evidence, while Exxon scientists charge 
bias, too. Government-funded studies tend 
to be “bleak and negative,” says Alan Maki, 
an environmental scientist who oversaw 
Exxon’s research until he retired in late 
2007. “This spill has not behaved much dif- 
ferently than what you would expect from 
studies of other spills,” he says. 

Some questions provoke less rancor but 
still may never be answered, such as why 
the Pacific herring populations crashed. In 
part, because of the complexity of the 
ecosystem, “we’ll never know,” says Stanley 
Rice, who manages research on the oil spill 
at the National Oceanic and Atmospheric 
Administration’s (NOAA’s) Auke Bay Lab- 
oratories in Juneau. 


Aftermath of a disaster 

The spill occurred just after midnight on 
24 March 1989, when the supertanker Exxon 
Valdez ran aground on Bligh Reef in Prince 
William Sound. Forty million liters of crude 
oil ended up in the sea and on the beaches, 
making it the largest spill in U.S. waters. The 
immediate impact was dramatic: About 
250,000 sea birds died, along with 22 killer 
whales, 2800 sea otters, 300 harbor seals, 
and untold numbers of fish eggs. 

Scientists rushed to study the ongoing 
effects. Their efforts received a huge 
boost in 1991, when Exxon agreed to pay 
$900 million in a civil settlement with 
the U.S. and Alaskan governments to 
restore Prince William Sound. The Trustee 
Council has dedicated some $180 million 
to research, with the rest used to preserve 
land and reimburse cleanup expenses. The 
research efforts will continue indefinitely 
thanks to an endowment fund, currently 
about $100 million. 

The company now known as ExxonMobil 
has sponsored its own research, and the sci- 
entists it funds have published or presented 
more than 400 peer-reviewed papers and 
talks. Over the years, their conclusions have 
often clashed with those of the government- 
funded researchers. 

For example, one of the largest efforts has 
been to track the fate of the oil remaining in 
the sound years after the spill. In 2001, a 
team led by Jeffrey Short, a chemist then 
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Digging for oil. Oil rises from below the surface on 
a Prince William Sound beach. 


with NOAA, randomly sampled 91 beaches 
in the oiled parts of the sound, digging 
9000 pits. Short estimated that 55,000 liters 
of oil remained, spread across and underneath 
11 hectares of beaches. 

David Page, an Exxon-funded chemist at 
Bowdoin College in Brunswick, Maine, 
insisted, after conducting his own sampling, 
that the government estimate was too high. 
Even though he later came to accept Short’s 
results, he and others still questioned 
whether the lingering oil is affecting 
wildlife. They argue that other sources of 
hydrocarbon pollution outweigh what little 
oil remains from the 1989 spill. The remain- 
ing oil, says Page, is sequestered. “If it were 
available to be harming wildlife, it would 
have been long gone.” 

Government researchers challenge those 
claims. In 2005, Short’s team resampled 10 
of the beaches where oil 
remained in 2001. They reported 
in 2007 in Environmental Science 
& Technology that the oil was 
decaying at just 0% to 4% per 
year. “It will persist for decades 
up to a century,” says Short, who 
retired from NOAA a few months 
ago and now works for Oceana, a 
marine conservation group. In 
another study reported last year in 
Marine Environmental Research, 
Short’s team found that biologi- 
cally active contaminants in the 
region were predominantly from 
the oil spill; he also thinks that 
biomarkers such as a particular 
liver enzyme reveal that organ- 
isms have been exposed to oil. 

These conflicting claims have fiscal con- 
sequences: The 1991 settlement contained a 
so-called reopener clause allowing the gov- 
ernment to claim up to $100 million more if 
by 2006 unanticipated damages from the 
spill appeared. That year, the government 
asked Exxon for $92 million to find and 
remove the remaining oil, arguing that it was 
persisting longer than expected. Both sides 
have agreed to postpone negotiating the 
reopener until the government finishes more 
oil studies, perhaps 2 years from now, says 
Craig O’Connor, a lawyer with NOAA. 


A pod dwindles 

Scientists on both sides agree that many 
species have recovered in Prince William 
Sound, including bald eagles, cormorants, 
salmon, and river otters. But the oil, govern- 


ment scientists think, has had severe impacts 
on at least two photogenic animals: killer 
whales and sea otters. 

The two pods of whales photographed and 
identified in the oil slick in 1989 each lost 
about 40% of their members around the time 
of the spill, says Rice. “That is just totally 
unprecedented,” he says. One pod is recover- 
ing slowly, but the other, originally com- 
prised of 22 whales, has lost all of its females 
of reproductive age and is down to seven or 
eight members. Eventually, Rice says, 
“they’re going to become extinct.” 

Because the two unrelated pods declined 
so suddenly and at the same time, researchers 
argued last year in Marine Ecology Progress 
Series, the deaths were almost certainly 
caused by the spill when the whales breathed 
oil fumes or ate contaminated prey. But 
Exxon scientists say the deaths can’t be con- 
clusively linked to oil. 

Meanwhile, sea otters have rebounded 
in most of the sound, but populations 


Swimming against the odds. One killer whale pod is slowly recovering from the 
oil spill, but another is headed for extinction. 


remain low in some heavily oiled areas 
where oil lingers in the intertidal zones. 
U.S. Geological Survey biologist James 
Bodkin fitted 16 otters with time-depth 
recorders and reported in February at a 
meeting of the Alaska Forum on the Envi- 
ronment that shallow intertidal digging 
represented about 18% of female sea 
otters’ dives. “They’re going to get expo- 
sure to oil,” says Rice. 

Most scientists do agree about the fate 
of at least one injured species: Pacific her- 
ring, whose populations are only 15% of 
their prespill numbers. In the late 1980s 
before the spill, the herring fishery in 
Prince William Sound was worth $12 mil- 
hon and the population was at a record 
high. The year after the spill, the population 
seemed high again—estimated at 120,000 
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tons—and the fishery opened. But then in 
1993, the population crashed: Only 20,000 
tons of herring appeared. 

Was this due to the spill? Many scientists 
think not. A poor bloom of plankton in 1992 
left the fish hungry and vulnerable to dis- 
ease, says fish pathologist Gary Marty of 
the British Columbia Ministry of Agricul- 
ture and Lands in Canada, who has been 
studying the herring since the spill. He and 
Terrance Quinn of the University of Alaska, 
Fairbanks, developed a model that he says 
can “describe every blip in the population 
for the past 15 years.” 

But Richard Thorne, an acoustics 
researcher at the Prince William Sound 
Science Center, says hydroacoustic monitor- 
ing results suggest that the spill—and the 
subsequent 3 years of fishing—caused 
the population to crumble. In 1993, he 
started conducting annual hydroacoustic 
surveys, which use sonar to count fish. He 
and Gary Thomas, a fisheries scientist at the 
University of Miami, noted that 
the acoustic results correlate 
well with aerial surveys of 
herring spawn, which have been 
done every year for more than 
30 years, and suggest the decline 
began in 1989. 

Unfortunately, most herring 
studies stopped after 1990, so 
neither side in this debate has 
data about the critical precollapse 
years. As a result, researchers 
may never know for sure, says 
George Rose, a fisheries conser- 
vation expert at Memorial Uni- 
versity in St. John’s, Canada. “In 
a way, it doesn’t matter,” says 
NOAA’s Rice. “We need to know 
why they don’t come back.” 

That’s where $2 million of this year’s 
research has focused. With a better under- 
standing of factors such as disease, predators, 
and climate change, researchers hope to help 
the fish rebound. Ideas include establishing a 
herring hatchery or targeted fishing for some 
of the herring’s predators, like pollock. The 
best thing for the fish may simply be to pro- 
tect them from fishing and other causes of 
mortality, Rose says: “In rebuilding natural 
systems, the main ingredient is patience and 
the other one is protection.” Patience indeed 
is called for, many researchers agree. Two 
decades may span most of a scientific career, 
but they hardly register in the transformation 
of an ecosystem. 

—-LILA GUTERMAN 


Lila Guterman is a science writer in Washington, D.C. 
With reporting by Jacopo Pasotti. 
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Pandemic Influenza: An Inconvenient Mutation 


SEASONAL INFLUENZA AFFECTS 10% OF THE POPULATION ANNUALLY, KILLING UP TO ONE 
million persons worldwide. Pandemic viruses have even greater potential for mortality. We 
have several defenses, including personal and public health protective measures, vaccines 
immunologically matched to circulating strains, and two classes of antiviral drugs (neu- 
raminidase inhibitors and adamantane ion-channel blockers). Our preventive options are lim- 
ited by viral genetic diversity and a rapid viral mutation rate. Currently, two human influenza A 
subtypes (H1N1 and H3N2) and two influenza type B lineages cocirculate. About 425 million 
doses of trivalent influenza vaccine are produced annually, enough to protect less than 7% of 
the world’s population. In the event of a pandemic, well-matched protective vaccines against a 
novel agent would not be available for at least several months, highlighting the importance of 
therapeutic options. 

By 2009, however, 98% of circulating influenza A/H1N1 strains in North America have 
become resistant to the frequently prescribed and widely stockpiled neuraminidase inhibitor 
oseltamivir (Tamiflu), and 98% of A/H3N2 strains are resistant to the adamantanes. The alter- 
native neuraminidase inhibitor zanamivir and the two approved adamantanes—amantadine 
and rimantadine—are all in short supply, and the 
adamantanes have substantial side effects. Influ- 
enza therapeutic options are clearly unraveling at a 
time when public health officials are appropriately 
concerned about pandemic emergence. 

The spread of high-level oseltamivir resistance 
in A/HINI strains is puzzling, as it appears to have 
occurred without antiviral selective pressure (/). 
Whether such levels of resistance will continue or 
diminish is unknown. Is high-level resistance an 
unfortunate byproduct of (still unknown) polygenic 
factors that confer viral fitness, such as balancing 
hemagglutinin and neuraminidase activity? Does 
resistance in influenza A/H1N1 imply a chance that 
resistance will develop in highly pathogenic avian 
A/HS5NI1 viruses, which bear the same neu- 
raminidase subtype? Two past pandemic viruses 
(1957 and 1968) emerged after circulating human 
viruses reassorted with avian influenza viruses; 
emergence of a future pandemic strain by the same 
mechanism, but incorporating either an antiviral- 
resistant H1N1 neuraminidase or A/H3N2 matrix 
gene, is a possibility that cannot be ignored. 

Pandemic planning envisions that ifa virus with 
pandemic potential emerges, initial human-to- 
human transmission can be spotted quickly and 
contained by nonpharmaceutical interventions and 
by rapid community administration of antiviral 
agents and vaccines (2, 3). If this strategy fails, a 
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conceivable consequence, however unlikely, 
is accidental creation of a drug-resistant pan- 
demic strain, a manmade analog of the feared 
naturally arising reassortant alluded to above. 
Most national stockpiles have appropri- 
ately favored neuraminidase inhibitors (mainly 
orally administered oseltamivir) over ion- 
channel blockers (oral adamantanes) for 
pandemic preparedness, given the well- 
recognized rapid emergence of resistance to 
the latter when used in treatment (4). Now, as 
noted, transmissible oseltamivir resistance in 
human A/HIN1 strains makes this strategy 
problematic on many levels, including con- 
cern about efficacy in a pandemic, as well as 
emergence of a pandemic reassortant contain- 
ing resistance genes (/). A complicating fac- 
tor is increasing appreciation that secondary 
bacterial pneumonias have caused most 
deaths in past pandemics (5). Circulation of 
clinically aggressive community-acquired 
methicillin-resistant Staphylococcus aureus 1s 
an additional factor to be considered in plan- 
ning for pandemic response. Taken together, 
these several developments suggest a need to 
continually examine and periodically recon- 
firm or update pandemic response strategies. 
Whatever strategies are adopted, it is clear 
that additional anti-influenza therapeutics 
are urgently needed. So far, vaccines and 
antivirals have targeted three influenza 
envelope proteins: hemagglutinin, neu- 
raminidase, and the matrix 2 ion channel pro- 
tein. We need new classes of antivirals that 
interfere with other necessary viral processes 
(e.g., polymerase complex activity, inter- 
feron antagonist activity, and viral assem- 
bly). The desired outcomes of existing and 
future therapies (reduced severity, mortality, 
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Building in flexibility 


viral shedding, and transmission) should be 
considered with respect to both seasonal and 
pandemic influenza. 

The unpredictable nature of influenza 
presents a challenge for both research and 
pandemic preparedness planning. Our ability 
to anticipate pandemic events is poor, and our 
anti-pandemic armamentarium is weak. In an 
ever-shifting landscape of influenza evolu- 
tion, we need to be farsighted and forceful in 
optimizing pandemic response capacity. 
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Romanian Expatriates Face 
Career Obstacles 


IN HIS NEWS FOCUS STORY “REACHING FOR 
the stars in Romania” (21 November 2008, p. 
1183), M. Enserink gives a realistic descrip- 
tion of some important problems of Romanian 
science. I would like to add another important 
issue: Successful expatriated Romanian sci- 
entists should be encouraged to return to 
Romania to hold important positions, and they 
should be appropriately compensated for 
doing so. In theory, expatriated scientists are 
encouraged to return and take leadership 
roles. In practice, these scientists have trouble 
securing their place in the applicant pool. To 
qualify for consideration, the expatriated sci- 
entists must demonstrate that the position they 


Closer to combination 
therapies 


hold abroad is equivalent to the Romanian 
position immediately subordinate to the open 
position. The legal process to determine 
equivalency is cumbersome, and there is no 
definite authority who can certify equiva- 
lence. These ambiguous requirements often 
serve as an obstruction to expatriate scientists. 
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Reversible Exploration 
Not Worth the Cost 


C. P. MCKAY (“BIOLOGICALLY REVERSIBLE 
exploration,’ Policy Forum, 6 February, 
p. 718) makes an impassioned case for so- 
called biologically reversible exploration of 
Mars. However, such a strategy will impose 
additional costs on an already strained pro- 
gram (J), and it is neither feasible in the con- 
text of a robust Mars exploration program nor 
necessary to ensure the fidelity of future in 
situ scientific endeavors. The concept of bio- 
logically reversible exploration is focused on 
potential effects of forward contamination— 
the transport of terrestrial microorganisms to 
other planetary bodies. Using real options the- 
ory (2), we can evaluate the ability to preserve 
future decision paths (such as the ability to 


“reverse” biological incursions) with present 
investments [such as spacecraft sterilization 
and constraints put in place on “special 
regions” (3)]. An accounting of present and 
future scientific costs and benefits must be 
made to critically assess this idea. In the near 
term, additional costs will result from space- 
craft preparation regimes, compliance, and 
possibly reduced mission capability due to 
constraints on instrumentation and landing 
site restrictions. The suggestion that even 
human exploration should achieve “biologi- 
cal reversibility” will impose an enormous 
burden on such missions in terms of both 
direct costs and curtailed science from restric- 
tions on access to the subsurface. In contrast, 
the supposed benefits are only potential bene- 
fits, mostly in the event of terraforming, and 
extremely long-term in nature. The exchange 
of meteorite material between Earth and Mars 
(4), the flotilla of existing landed missions, 
and the fleet of orbiters that will eventually 
crash into the surface already determine both 
the past and near-future two-way exchange of 
biological material between Earth and Mars. 
Special regions of scientific interest on Mars 
do call for prudent measures to reduce con- 
tamination, but the extreme measures advo- 
cated by McKay will not yield sufficient ben- 
efits to justify their high costs. 
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CORRECTIONS AND CLARIFICATIONS 


News of the Week: “NSF restores data on minority Ph.D.s” by J. Mervis (27 February, p. 1161). The National Science 
Foundation estimates that its new policy on reporting small numbers of minorities will suppress data on 3.7% of the new Ph.D.s 
in the Survey of Earned Doctorates. The original story incorrectly reported that 4% of the 280 subfields would be affected. 


News Focus: “Tales of a prehistoric human genome” by E. Pennisi (13 February, p. 866). The story mischaracterized James 
P. Noonan’s mouse experiment that used an enhancer showing human-specific activity. In that study (published in the 5 
September 2008 issue of Science, p. 1346), the enhancer drove the expression of a reporter gene in the mice, but the 
researchers did not examine its effect on thumb development. 


News Focus: “On the origin of art and symbolism” by M. Balter (6 February, p. 709). Ochre expert lan Watts was cited as 
saying that there was little sign that ochre found at Twin Rivers, Zambia, was ground into powder, as needed for decoration. 
This incorrectly states Watts’s view. Although only a small percentage of the approximately 300 pieces of ochre found at Twin 
Rivers show signs of grinding or other use, nearly all those that do are a dark, sparkly red. This leads Watts to conclude that 
they might have been preferentially chosen for symbolic purposes, although that is not certain. 


Reviews: “Darwin's originality” by P. J. Bowler (9 January, p. 223). On page 226, reference 8 should read as follows: 
J. Browne, Charles Darwin: The Power of Place (Jonathan Cape, London, 2002). In reference 22, Transmutation Notebook D 
should have been Notebook B. Also in reference 22, two page numbers were missing: Natural Selection, p. 36, and Charles 
Darwin's Notebooks, p. 180. 


Reports: “Observation of pulsed y-rays above 25 GeV from the Crab pulsar with MAGIC” by The MAGIC Collaboration (21 
November 2008, p. 1221). The e-mail address for N. Otte was incorrect. The correct address is nepomuk@scipp.ucsc.edu. 


www.sciencemag.org SCIENCE VOL323 20 MARCH 2009 


Published by AAAS 


1561 


1562 


ENVIRONMENT AND HEALTH 


Humans Need Biodiversity 


David P. Mindell 


he intimate connection between nature 
| and human survival is indistinct for 
many people, especially the most afflu- 
ent and intensive users of natural resources. The 
good news is that the notion of “living sustain- 
ably” seems to be gaining cachet and even a few 
adherents. The big challenge lies in moving 
beyond the blandishments of greenwashing to 
develop well-informed social, economic, and 
environmental policies—the three pillars of 
sustainability practice—to manage natural 
resource use and economic development. 
Facts linking fossil fuel consumption with 
climate change are now well established, and 


development of alternative energy sources is 
at least under way. But the links between loss 
of species diversity in nature and the health of 
human populations are less well understood. 
Unlike fluctuating oil prices, declining 
species populations or outright extinctions do 
not have immediate, tangible impact on the 
cost of travel, food, or heat. Of course there 
are, and will be, substantial impacts from 
species loss, although our understanding of 
them is rudimentary. Handicapping our 
efforts, we still don’t have a detailed inventory 
of Earth’s organismal diversity. Probably less 
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For the want of bees. The extinction of bees in Maoxian County, 
China, has forced people to pollinate apple trees by hand. 


than 10% of the species on the 
planet have been described, 
and our knowledge of the 
ecosystem functions for the 
fraction of species that we do 
recognize is inadequate. These 
nontrivial functions include 
decomposition of waste, cycl- 
ing of vital nutrients, and main- 
tenance of healthy water, air, 
and soils. 

At the same time, the number of known 
species considered to be threatened with 
extinction is increasing across nearly all tax- 
onomic groups that have been eval- 
uated, including roughly 12% of all 
bird species, 20% of all mammals, 
and a third of our fellow primates 
(Z). Only two plant phyla have been 
assessed in this regard, conifers 
(25% threatened) and cycads 
(52%). The diversity of micro- 
scopic life forms (including viruses, 
archaea, bacteria, and small euka- 
rya) are only recently coming to 
light, and their varieties, abilities, 
distributions, ecosystem functions, 
and conservation status are even 
more poorly known. These micro- 
scopic forms are important in all 
the nontrivial ways mentioned 
above, as well as in a broad range of 
symbiotic relationships critical to 
human health and disease. 

In a comprehensive and com- 
pelling fashion, Sustaining Life, 
edited by Eric Chivian and Aaron 
Bernstein (physicians at Harvard University’s 
Center for Health and the Global Environ- 
ment), makes the case that the maintenance of 
biological diversity and human well-being are 
deeply entwined. Contributors synthesize 
efforts to circumscribe biological diversity and 
current threats to it and to reveal biodiversity’s 
many functional roles in supporting healthy 
environments, in drug development and 
biomedical research, and in understanding 
infectious diseases and best practices for agri- 
culture. Well researched and with stunning 
graphics, the volume could serve admirably as 
a college text or recommended reading for 
politicians, health and resource managers, and 
citizens at large. The authors place a primary 
focus on particular species or groups of 


Sustaining Life 
How Human Health 
Depends on Biodiversity 


Eric Chivian and 
Aaron Bernstein, Eds. 


Oxford University Press, 
New York, 2008. 566 pp. 

$34.95, £18.99. 
ISBN 9780195175097. 


species and how their activities contribute to 
ecosystems processes that influence water, air, 
and soil quality; erosion; climate change; and 
relative abundances of environmental toxins 
and human pathogens. 

For example, studies follow- 
ing the 2004 Southeast Asian 
tsunami illustrate the life- 
saving value of healthy man- 
grove forests, plant-covered 
sand dunes, and substantial 
coral reefs in reducing the 
force of storm waves and their 
devastation in densely popu- 
lated coastal areas. Habitat 
changes associated with defor- 
estation, agricultural develop- 
ment, climate change, and urbanization can 
increase diseases transmitted to people by 
displaced or redirected animal vectors. 
Archaea in the tongue-twisting families 
Methylococcaceae, Methylocystaceae, and 
Verrucomicrobiae break down the potent 
greenhouse gas methane, thus influencing 
local and regional climates. Some also detox- 
ify chlorinated hydrocarbons, whether natu- 
rally occurring or from the pesticides widely 
used in agriculture and malaria control. Our 
digestive tracts are home to thousands of dif- 
ferent kinds of archaea, bacteria, viruses, 
fungi, and microeukaryotes. Although we are 
mostly ignorant of their functions and tax- 
onomies, the services of a few are known— 
e.g., Bacteroides thetaiotaomicron helps us 
digest starch and cellulose from plants, pro- 
duces antimicrobial compounds (hydrogen 
peroxide, bacteriocins) that reduce bodily 
infections, and stimulates blood vessel 
growth necessary for nutrient absorption. 

Going beyond the usual observation that 
the majority of prescribed medicines in the 
United States and as much as 80% of all 
medicines used in developing nations are 
derived from organismal species, the authors 
offer valuable discussions of particular 
groups of medicines, existing or in develop- 
ment, and their original sources. These 
include: painkillers from poppies (Papaver), 
cone snails (Conus), and frogs (Dendrobates 
and Epipedobates); anticancer medicines 
from sea squirts (Didemnidae), bryozoans 
(Bugula), sponges (Discodermia and Luffar- 
iella), and diverse plants (e.g., Artemisia and 
Tabebuia); and antiviral drugs from red algae 
(Gigartina and Kappaphycus) and sea 
cucumbers (Holothuroidea). People suffer- 
ing from obesity could benefit from appetite 
suppressants modeled after aminosterols in 
dogfish sharks. After more than a decade of 
intense focus on combinatorial chemistry for 
drug development, it is clear that organisms, 
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having passed the tests of evolutionary time, 
still provide the best leads for compounds 
with medicinal value. 

Our continuing dependence on organis- 
mal diversity within healthy ecosystems is 
clear. However, much more research and 
funding are needed to characterize all the 
species involved and to discover their com- 
plex interactions, impacts on humans, and 
responses to change. Further, raising public 
awareness and the political will to sustain bio- 
logical diversity over time will require more 
than just science. We also need advocacy 
(which Sustaining Life ably serves) and 
greater legal and ethical commitments to con- 
servation practices. Perhaps shining a bright 
light on the tight connections between sus- 
tainability practices and human survival 
could make conservation not only a practical 
concern but an ethical and moral one as well. 


References 
1. www.iucnredlist.org/documents/2008RL_stats_table_ 
1_v1223294385.pdf. 


10.1126/science.1170526 


FUTUROLOGY 


A Crystal Ball 
for Our Blue Planet 


Giovanni F. Bignami 


ouldn’t it be interesting to know 
\ X / what our ancestors 100 millennia 
ago thought would be happening 


about now? We can’t, but Surviving 1,000 
Centuries may be the next best 
thing. Roger-Maurice Bonnet 
(International Space Science In- 
stitute, Bern) and Lodewijk Woltjer 
(Observatoire de Haute Provence), 
two of the top astronomers in 
Europe, have the courage, intelli- 
gence, and culture to describe 
what the circumstances will be 
like on Earth circa 102,000 CE. 
One can look at this fascinating 
book as a mid-term report for the course 
“Civilization 101.” Read it, and you will have 
a much better idea as to whether we will pass 
the final exam and survive. 

A thousand centuries sounds like a lot of 
time, but it’s only about one-fifty-thousandth 
of the age of our beloved planet and also, 
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Must avoid falling rocks. The near-Earth 
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approximately, of life here. So the authors 
remind us at the beginning, in an illuminating 
crash course on the early history of Earth. 
They discuss why it ended up the way it did: 
very different from Mars and Venus, siblings 
born from the same protoplanetary disc 
around the same star but now either too hot or 
too cold, with too much atmosphere or not 
enough. Without a knowledge of Earth’s his- 
tory, we would be ignorant about its future. 

That history has largely been shaped by 
Earth’s oceans. They were a gift from heaven, 
rained down on the young planet in the form 
of watery cosmic debris (interstellar ice that 
might have carried who knows what else). 
Teeming with life, the oceans rid Earth of all 
that CO, in its ur-atmosphere, in the process 
making the Great Barrier Reef, the Dolomites, 
and Carrara marble (which sat patiently wait- 
ing for Michelangelo). 

Of course, humanity’s 
future could all end 
abruptly, as did that of the 
dinosaurs. We are fragile 
and can easily be wiped 
out by various cosmic 
catastrophes, from local 
supernovae to impacting 
asteroids to toxic volca- 
noes. (Personally, I vote 
for a nearby gamma-ray 
burst: think how more elegant it would be to 
go in a puff of gamma rays than to be done in 
by arock falling from the sky.) Chances of that 
happening in 10° years may add up, but in our 
lifetime they are tiny—about the same as 
being eaten by a shark, averaged over the 
world population. In any event, life itself is 
very tough. Come what may, some bug is 
likely to hang on and be ready to start it all 
over again as soon as the skies clear. 

As to what our planet and its biosphere will 
come to look like, a lot will depend on what we 
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do this century. Although it may seem obvious, 
we are rightly reminded that we should leave 
enough space for wild fauna and flora and put 
an end to uncontrolled hunting, logging, and 
resource extraction. A species gone is lost for- 
ever, and from mammoths to dodos we have a 
very, very bad track record. The same concerns 
for conservation apply to our atmosphere. Let 
us make our response to the ozone hole a 
benchmark for future policy: recognize the 
danger, adopt world measures, and avoid dis- 
aster. Easier said than done, of course. And if 
we succeed in checking anthropogenic CO, 
production fairly soon, another ice age would 
be expected in about 50,000 years. 

Alternatively, should the climate become 
inhospitable, would we leave Earth? And, if 
we decide to go, where to? Mars and Venus 
are close, but, as Bonnet and Woltjer (who 
should know) explain, to terraform them is 
not a realistic solution. To venture further 
aboard some autonomous but frighteningly 
lonesome Noah’s Ark moving close to the 
speed of light remains, at least for the 
moment, a figment of science fiction. So far, 
humans have only gone one light-second 
away and have yet to invent something sub- 
stantially better than the Semyorka rocket that 
put Sputnik in orbit. While we don’t have the 
technology to emigrate, near-Earth, inte- 
grated space activities will have to be fully 
implemented if we are to manage our planet’s 
future through monitoring and husbanding 
energy and inorganic resources as well as 
water and organic resources. 

To find food for 11 billion people (the value 
at which the world population will stabilize) 
should be possible, we are told, even if we'll all 
be 3 meters tall and live to 130 years. Energy 
too shouldn’t be an insurmountable problem, 
because we will have harnessed nuclear fusion. 
Inevitably, we will have installed a global gov- 
ernance, “an awful term but a vital concept,” 
according to Javier Solana, Secretary General 
of the Council of the European Union. 

One must be brave to predict the future. 
The physicist Charles Galton Darwin (grand- 
son of Charles) offered a qualitative and soci- 
ological forecast of our world a million years 
on (/)—holding that forecasts for short 
timescales were difficult because of potential 
fluctuations introduced by individual events. 
Hats off to Bonnet and Woltjer, who manage 
to stay an order of magnitude closer to the 
present while being quantitative and learned 
yet amusing and daring. 
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MEDICINE 


Monitoring and Regulating 
Offshore Stem Cell Clinics 


Sorapop Kiatpongsan'2? and Douglas Sipp*** 


raveling to another country in the hope 
Te finding a stem cell-based treatment 

for a disease—‘stem cell tourism’’—has 
been the object of intense scrutiny in recent 
years, following reports of charlatanry, baseless 
claims, and adverse medical events (J). 
Providers of stem cell-based interventions vary 
widely in their assertions about the conditions 
that can be treated, the degree of improvement, 
and the cell types and protocols used (2), but 
there are many advertisements for medical 
procedures that have never been proven 
efficacious in appropriately designed 
clinical trials. To date, proven thera- 
peutic applications for stem cells 
have been mainly for blood and 
immunological disorders. The 
scientific community and ad- 
vocacy groups have begun to 
respond by formulating guide- 
lines for physicians and 
scientists engaged in the 
clinical translation of stem 
cell research (3) and lists of 
questions for prospective 
patients to ask when 
considering an experi- 
mental stem cell treatment 
(3, 4). Inaction and occasional 
complicity on the part of the government 
and medical establishment in some coun- 
tries, however, have made enforcement, self- 
policing, and the maintenance of patient 
trust problematic. 

Controversies involving unverified med- 
ical treatments are not a new thing, but the 
adoption of protective laws and their vigorous 
enforcement has enabled many countries, 
including the United States, to rein in claims 


1Department of Obstetrics and Gynecology, Faculty of 
Medicine, Chulalongkorn University, Bangkok, Thailand 
10330. Vincent Center for Reproductive Biology, Vincent 
Obstetrics and Gynecology Service, Massachusetts General 
Hospital/Harvard Medical School, Boston, MA 02114, USA. 
3Science, Technology and Globalization Project/Science, 
Technology and Public Policy Program, Belfer Center for 
Science and International Affairs, John F. Kennedy School of 
Government, Harvard University, Cambridge, MA 02138, 
USA. “RIKEN Center for Developmental Biology, Kobe, 650- 
0047, Japan. °Center for iPS Research and Application, 
Institute for Integrated Cell-Materials Sciences, Kyoto Uni- 
versity, Kyoto, 606-8501, Japan. 


*Author for correspondence. E-mail: sipp@cdb.riken.jp 


= ~ 


am Ste 


that can legally be made by providers or to rel- 
egate them to operating outside of their bor- 
ders. The possibility of operating extraterrito- 
rially has meant that unapproved treatments 
could be had by those willing to travel abroad, 
but in the great majority of instances, this has 
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meant to countries not known as leaders in bio- 
medical research (e.g., despite more than 30 
years of legal actions in the United States 
against purveyors of laetrile, a discredited can- 
cer remedy, it remains readily available in 
places such as Mexico and the Bahamas). 

The debate over human embryonic stem 
cell research in the United States under the 
George W. Bush administration not only 
opened the door to increased investment into 
stem cell research and its applications by Asian 
countries (5—7), but may have also distracted 
regulatory attention from the growing problem 
of unsubstantiated therapeutic claims involving 
adult stem cells. Nonetheless, several stem cell 
clinics have been closed by law enforcement or 
regulatory agencies in the United States (8), the 
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Unverified medical treatments based on 
stem cells are proliferating and need oversight. 


Netherlands (9), and Ireland (/0); others have 
been forced out of business (//) or prevented 
from opening by negative publicity (2, 13). 
Successful clinics that remain in business 
are sometimes supported by local medical 
associations, governments, and regulatory 
agencies. Although the company Web sites 
suggest an awareness of the need for clinical tri- 
als, treatments costing $20,000 or more are 
being offered in the absence of prior 
publication of peer-reviewed studies 
demonstrating efficacy. For ex- 
ample, TheraVitae has an im- 
pressive list of Thai physi- 
cians, including the current 
presidents of the Thai Heart 
Association and the Thai 
Atherosclerosis Society 
(/4), and recognition from 
the Davos-based World 
Economic Forum as a 
2006 Technology Pioneer 
(15). However, the peer- 
reviewed article listed by 
the company as “accredita- 
. tion” for its therapeutic reg- 
ime of adult stem cell therapy 
for heart disease was consid- 
p ered by the authors to be a safety 
study and did not use randomiza- 
tion or double-blind controls (16, 77). 
Perhaps as important as the govern- 
ment and medical establishment links are 
the marketing and patient recruitment stra- 
tegies used by these companies. A number of 
companies, such as NuTech Mediworld, a 
human embryonic stem cell clinic, and 
Medra, Inc. (www.medra.com/), which uses 
human fetal cells, have enjoyed publicity in 
the form of published interviews, blogs, or 
YouTube videos describing subjective patient 
experiences following treatment (/8, 19). 
TheraVitae, and its associated companies 
VesCell (www.vescell.com/) and Regenocyte 
(www.regenocyte.com/), use online patient 
testimonials (/4), blogging activity (20), and 
patient recruitment seminars held within the 
United States (2/). Beike Biotechnology and 
other China-based treatment centers have a 
vocal proponent in the China Stem Cells 
News’ Web site (www.stemcellschina.com/), 
which serves as an online portal highlighting 
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news and treatment experiences from local 
and foreign patients. The site lists dozens of 
subjective accounts of “successful” (typically 
defined as “some improvement”) outcomes in 
people suffering conditions including autism, 
epilepsy, and stroke and includes a contact 
form for those with treatment inquiries. 

Major research nations have also seen the 
appearance of stem cell clinics and therapeutics 
companies. Companies in Japan advertise stem 
cell-based treatments for conditions such as 
diabetes, Alzheimer’s disease, and spinal cord 
injury (22-25). The X-cell Center (www.xcell- 
center.com/) in Cologne, Germany, offers to 
treat ailments ranging from erectile dysfunc- 
tion to amyotrophic lateral sclerosis (ALS). 
Adult stem cells as a treatment modality have 
been championed with particular fervor by 
numerous groups in the United States, which 
commonly cite lists of many conditions that 
have been treated with adult cells (26, 27). Such 
catalogs may introduce doubts and misunder- 
standings about the current state of the science. 

Companies such as Medra, Stemedica 
(www.stemedica.com/), Stem Cell Biotherapy 
(www.stemcellbiotherapy.com/cn/index.php/ 
lang/en), and Regenocyte have taken advantage 
of the resulting confusion and have occupied 
the current international regulatory vacuum. 
For example, Stem Cell Biotherapy and 
Regenocyte advertise procedures unavailable 
in the United States and arrange for patients to 
be sent to affiliated hospitals in other parts of 
the world. Of these, Medra became particularly 
notorious for the extraordinary claims made by 
its founder, psychiatrist William Rader, who 
has refused to share information on cell lines 
and techniques he claims can be used for treat- 
ment of conditions including spinal cord injury 
and Down syndrome (28). 

There are several effective measures to 
prevent companies from going too far in 
their business practices. In the United 
States, the Food and Drug Administration 
provides clear rules governing the purity, 
potency, and quality of medical products 
(including stem cells) (29); the Federal 
Trade Commission oversees truth in adver- 
tising (30). Similar laws and authorities are 
in place in the European Union, and 
Thailand is now making moves to regulate 
stem cell therapies more tightly. A commit- 
tee convened by the Thai Medical Council, 
which governs practice by licensed physi- 
cians, has drafted recommendations that call 
for stricter oversight of procedures involving 
stem cells in conditions other than blood dis- 
orders (31). These only came following a 
period of confusion as stem cells were seen 
as neither drug nor typical medical treat- 
ment, which put them for a time outside the 


purview of both the medical and drug- 
regulatory authorities. Such researcher-led 
efforts are to be encouraged and promul- 
gated to regulatory agencies in other Asian 
countries as effective means of protecting 
patients as well as the national reputation. 
Media reports can also play an important 
role. An L.A. Times feature on Biomark 
International (32) raised public doubts about 
the company. A series of BBC documentaries 
revealed a trade in which human fetuses from 
the Ukraine were sold to stem cell tourism clin- 
ics in the Caribbean, which resulted in the clos- 
ing of at least one major clinic, the Institute for 
Regenerative Medicine in Barbados, owing to 
loss of its clients (//). To ensure the truly 
global dissemination of guidelines and patient 
information regarding stem cell-based clinical 
applications, the international research com- 
munity, represented by organizations such as 
the International Society for Stem Cell Re- 
search, could provide local language transla- 
tions or summaries of relevant documents and 
could use their members to distribute them to 
the press and government authorities. The 
World Health Organization could also con- 
tribute by releasing a consensus position on the 
clinical application of stem cell research. 
Patient advocacy groups have begun to 
compile useful resources of physicians and 
hospitals offering stem cell procedures for con- 
ditions such as ALS (33). Although these serve 
only as anecdotal evidence, they tend to offer 
more balanced accounts, citing both positive 
and negative experiences, and may help to flag 
especially flagrant violators of patient trust. 
Stem cell and regenerative medicine research 
organizations might likewise consider steps 
toward identifying and dealing with members 
who have commercialized unproven treatments 
prematurely. Educational alliances between 
basic research, clinical, and patients groups, 
such as the Coalition for the Advancement of 
Medical Research, might prove to be an effec- 
tive measure against the more egregious claims. 
To ensure that the potential of stem cell 
research has the chance to develop unham- 
pered by tragedy or fraud, members of the 
research community must work together to 
lobby their own local authorities to put proper 
regulations in place and must accept as their 
duty following the hard road to the truth, not 
the most expedient or profitable one. Given 
the current limits of international law and sci- 
entific diplomacy, a global ban on unapproved 
treatments seems unlikely to succeed, so for 
now, each government must take great care 
when granting funds and recognition to pro- 
grams that fall short of ethical or professional 
standards. And ultimately, those who look to 
stem cells with hope for cures must also share 
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in the obligation to protect this nascent field 
by becoming not only patient advocates, but 
also advocates of patience. 
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MATERIALS SCIENCE 


Flexible Electronics 


Byron D. Gates 


rganic polymers are the main com- 
@) ponents of most flexible electronic 
devices. These devices rely on the 

compliant physical properties of organic poly- 
mers to maintain electrical continuity when 
deformed. Electrical connections within these 
devices are a point of weakness and have lim- 
ited the types of materials and processes that 
can be used. Although inorganic semiconduc- 
tors and metals have high conductivity, these 
materials will not commonly sustain repeated 
bending or stretching. On page 1590 of this 
issue, Ahn et al. (/) show how metal can be 
added to components within flexible elec- 
tronic devices, enabling conductivity to be 
maintained even after repeated deformation. 

Connections between electronic structures 
have traditionally been designed with a planar 
architecture that is patterned through multiple 
fabrication steps (2, 3). Much of the fabrication 
technology used in flexible 
electronics was initially 
borrowed from existing 
device fabrication plat- 
forms, such as those used 
to manufacture silicon- 
based thin-film transistors. 
These techniques largely 
depend on the selective liftoff 
or etching of materials, using 
process conditions that are not 
always compatible with organic 
polymers. Process techniques devel- 
oped for the fabrication of flexible elec- 
tronic devices must avoid large changes in 
temperature and pressure. These techniques 
must also minimize exposure to reagents that 
may degrade the conductivity, purity, or form of 
the organic polymer components in the device. 

Inkjet printing has been used to pattern 
organic semiconductors (4), metal contacts on 
organic semiconductors (5—7), and metallic 
structures (8) that require minimal further 
processing. Ahn et al. have now used inkjet 
printing to create three-dimensional (3D) 
metallic connections between functional com- 
ponents of flexible devices (see the figure). 
The authors first fine-tuned a colloidal ink of 
silver nanoparticles by adjusting the unifor- 
mity of the particles, the viscosity of the ink, 


Silver colloidal ink 


Ag wire 
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Inkjet printer nozzle 


Direct write process 


and the drying time of the solvents. They then 
extruded the ink through a nozzle that directed 
the selective deposition of silver particles onto 
the flexible substrate. After annealing at 
250°C for $30 min, the printed wires exhib- 
ited an electrical resistivity nearing that of 
bulk silver. Annealing can also be done using 
light or microwaves (9, /0). The resistivity of 
the printed silver wires is about two orders of 
magnitude lower than that of commonly used 
conductive organic polymers (/). This im- 
provement translates into lower power con- 
sumption and a lower heat load on the sur- 
rounding environment for devices incorporat- 
ing these printed wires. 

Controlling the deposition of the colloidal 
silver ink is essential for fabricating free- 
standing wires that have both 2D and 3D com- 
ponents. The electrical connections demon- 
strated by Ahn et al. include springs and struc- 
tures with built-in slack to accommodate the 

stretching and bending of a flexible 

device. The ability to form arched 

features is also essential for 

avoiding direct contact when 

one electrical connection 
crosses over another. 

The authors further de- 

monstrate the control pro- 

vided by their technique 


LED or solar cell 


Flexible material 


Inkjet printing of metal wires yields bendable 
electrical connections for use in flexible 
electronic devices. 


increases the density of features in the 
device. Although inkjet printing is a serial 
process, Ahn ef al. have demonstrated a 
wide range of benefits for this technology. 

Flexible electronic devices compete with 
paper-based media as well as existing elec- 
tronic media. It is desirable to find a technol- 
ogy platform that can be rolled or bent (as with 
paper), yet robust enough to be unfurled and 
reused. The end use of the device will depend 
on the functions incorporated into its architec- 
ture. Ahn et al. demonstrate a few features that 
might be desirable in a flexible device, includ- 
ing optical and optoelectronic components 
such as light-emitting diodes (LEDs) and solar 
cells. Tuning the optical properties ofa flexible 
device is widely recognized as necessary, with 
research efforts directed toward both emissive 
and reflective properties (2, 3, //). Other appli- 
cations of flexible device technology include 
radio frequency identification (RFID) tags and 
antennas that can be incorporated into per- 
sonal identification, as well as packaging and 
other forms of transferable media. 

Traditional forms of print media, such as 
newspapers and books, have been prevalent in 
human lives for centuries. We have greatly 
benefited from the ease with which informa- 
tion can be efficiently distributed in print 
media. Entire industries have been created 


Compression of flexible material 


Flexible electrical metal connections. Wires connecting components within a flexible device can be fabri- 
cated by a direct-write process using inkjet printing of silver nanoparticles. As shown by Ahn et al., the tech- 
nique can be used to fabricate three-dimensional connections that span between components of a flexible 


device and that flex when the device is deformed. 


by reporting silver wires with width-to- 
length ratios up to 1:1000. These wires can 
span gaps up to 1 cm wide. The narrow 
dimensions of the printed wires (from ~2 to 
~10 um) are an additional benefit of this 
fabrication process. These small dimensions 
minimize the footprint of the electrical con- 
tact lines, which decreases the impact of the 
wires on the optical quality of the device and 


around the printing, distribution, and storage 
of paper articles. Overcoming our dependence 
on paper will require its replacement with a tech- 
nology that is comparable to paper in its 
weight, flexibility, and ease of use. Key technol- 
ogies are necessary to enable the manufacture 
of such an alternative form of media. The 
work of Ahn et al. is a transition from typical 
models of fabrication, providing possibilities 
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for incorporating multiple functions into a 
single flexible device. 

Flexible electronic devices are becoming 
commonplace in our lives. Screens that can 
flex or otherwise distort have been incorpo- 
rated into laptops, televisions, and mobile 
phones. Lightweight electronic display devices 
that can be rolled up for storage are being 
developed. The achievement of completely 
converting to a paperless society will be revo- 


lutionary in itself, but so are the technological 
advances necessary to make this new form of 
media commonplace in our daily lives. 
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IMMUNOLOGY 


Two-in-One Designer Antibodies 


Paul W. H. I. Parren’ and Dennis R. Burton2 


ancer and certain infectious diseases 
( such as HIV-1/AIDS that are charac- 

terized by genetic heterogeneity are 
often difficult to treat with a single therapeutic 
agent. Combination therapies that target mul- 
tiple disease-associated molecules are there- 
fore widely deployed. For example, mixtures 
of antibodies are being tested for clinical use, 
despite high development, manufacturing, 
and treatment costs. The requirement for mul- 
tiple antibodies is based on the prevailing one 
antibody-one antigen dogma. On page 1610 
in this issue, Bostrom et al. (/) overthrow this 
dogma and describe a new “two-in-one”’ de- 
signer antibody concept in which the same 
binding site on an antibody is engineered to 
recognize two different antigens, both with 
high affinity. 

The two antigens studied by Bostrom 
et al. are vascular endothelial growth factor 
(VEGF) and human epidermal growth 
factor receptor 2 (HER2), representing 
well-known tumor targets. VEGF promotes 
blood-vessel formation for the growing 
tumor and is targeted by the antibody beva- 
cizumab (Avastin), commonly used to treat 
colorectal cancer. HER2 is highly expressed 
by some breast tumors and is targeted by the 
antibody trastuzumab (Herceptin). The 
authors show that an engineered antibody 
binds tightly to both antigens and inhibits 
the growth of both VEGF- and HER2- 
dependent tumors in animal models. The 
potential applications of the approach will 
need very careful exploration but will surely 
have far-reaching impact. 
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Bostrom et al. generated the two-in-one 
antibody by expressing the HER2-specific 
antibody trastuzumab on the surface of fila- 
mentous bacteriophage. Random nucleotide 
sequence was incorporated into the gene seg- 
ments encoding the antigen-binding loops of 
the light chain to generate a large phage 
library. The library was selected for binding to 
HER2 and VEGF to generate a panel of two- 
in-one antibodies of varying affinity. 


Fab arms 


Two for the price of one. An antibody consists of four 
polypeptides, two heavy and two light chains, that form 
two “Fab arms.” Each arm harbors an antigen binding site, 
formed by loops from the heavy and light chains. The bind- 
ing site in the two-in-one antibody shown can interact with 
HER2 (red) and VEGF (green) through mostly unique, but 
also some shared (blue), elements. When affinity-matured, 
the antibody inhibits both HER2 and VEGF activity in vitro 
and in vivo. The source of the structure shown is antibody 
IgG1 b12 (16), RCSB PDB accession code 1HZH. The mol- 
ecule was rendered using VMD software and further mod- 
eled with 3D software (Bryce 6.1). Refining and colors 


were done with Adobe Photoshop CS3. 


Antigen binding site 


An antibody is engineered to recognize two 
different proteins with high affinity, opening 
the door to improved combination therapies 
for cancers and infections. 


High-resolution crystal structures of one 
of these antibodies in complex with either 
VEGF (dissociation constant K, = 300 nM) or 
HER2 (K,= 26 nM) were solved to elucidate 
the mechanism of “two-in-one” binding at the 
molecular level. The binding surface on the 
antibody for each antigen overlapped, but 
within the buried surface of each binding site, 
distinct amino acids contributed to the binding 
strength for each antigen: VEGF binding 
was primarily mediated by light-chain 
residues and HER2 binding by heavy- 
chain residues. The overlapping binding 
areas indicate that each antibody binding 
site cannot bind both antigens simultane- 
ously (see the figure). The antibody bind- 
ing sites in the two-in-one antibody are 
therefore selectively promiscuous; each 
can interact with two different partners, 
but will only bind to one at a time. For 
subsequent studies, an affinity improved 
two-in-one antibody (VEGF K,= 3nM, 
HER2 K,= 0.2 nM) was generated. 

Approaches to generate antibody mol- 
ecules with multiple binding moieties 
have been tried before, with varying suc- 
cess. Such molecules were engineered by 
“fusing” two or more antibody binding 
sites into a single molecule to increase 
binding avidity or bind multiple antigens 
(2, 3). Antibodies binding two antigens 
can also be generated by Fab arm ex- 
change, which occurs naturally in vivo for 
immunoglobulin G4 molecules (4), or can 
be created in vitro by cell fusion or anti- 
body engineering (5). Antibodies in which 
two binding sites recognizing distinct 
antigens are connected to a single Fab arm 
represent another permutation (6). An 
example that is perhaps the closest compa- 
rable break with the one antibody—one 
antigen dogma comes from chemically 
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programmed antibodies in which antigen 
recognition is modified by the insertion of dif- 
ferent ligands into the antibody binding site via 
a common reactive group (7). The beauty of 
the two-in-one molecule created by Bostrom et 
al. is its simplicity. For the first time, dual speci- 
ficity has been engineered into a naturally 
occurring and stable antibody isotype that 
should pose no obstacles for manufacturing 
and that has been well validated for clinical use. 

Two-in-one antibodies may replace combi- 
nation therapies such as treatment of cancer 
with both bevacizumab and trastuzumab, 
which is currently in clinical trials. A practical 
limitation to this approach may be an inflexibil- 
ity of dosing where optimal doses are discor- 
dant for the individual antigens targeted. A 
strong caveat comes from two recent studies 
that investigated the use of bevacizumab and 
chemotherapy in combination with either 
cetuximab (Erbitux) or panitumumab (Vectibix) 
[antibodies that inhibit epidermal growth factor 
receptor (EGFR)] for treating metastatic col- 
orectal cancer (8, 9). The studies showed that 
adding either of these antibodies to beva- 
cizumab (plus chemotherapy) worsened clini- 
cal outcomes. These effects were unexpected 
because the antibody combinations had shown 
promise in the preclinical setting. 

Two-in-one antibodies could also be used 
to target two nonoverlapping epitopes on the 
same antigen. Such antibodies would have a 


greater potential for aggregating targets than 
classical antibodies. For combinations of 
either EGFR or HER2 monoclonal antibodies 
(10, 11), for example, such aggregation 
increases anti-tumor effects. The presence of 
two or more binding sites against distinct epi- 
topes on a soluble antigen furthermore has the 
potential to increase binding avidity and in 
vivo potency (/2). 

The ability of antibodies to bind multiple 
antigens is, in itself, not a novel finding and 
has been described, for example, for the low- 
affinity binding of dissimilar peptides to dis- 
tinct regions in a single antibody binding site 
(13). Indeed, by harboring multiple, spatially 
separated, binding sites in a single structure, 
antibodies may exploit a mechanism that has 
been recognized as a major source for multi- 
specificity of proteins (14, /5). The unique- 
ness of the work of Bostrom ef al. is to show 
that promiscuous binding of antibodies is 
compatible with the high-affinity, pharmaco- 
logically relevant, binding of very different 
antigens. Promiscuous binding may even 
extend to natural immunity where it would 
represent a mechanism to maximally cover 
binding space by a given repertoire of anti- 
bodies. Cross-reactive antibodies, when iso- 
lated, are generally considered a nuisance and 
two-in-one antibodies may therefore have 
been overlooked. The increased availability of 
technologies for rapid and large-scale screen- 


ing of antibody-antigen interactions should 
help identify promiscuous antibodies. The 
potential for high-affinity antibody binding of 
more than one antigen is intriguing and poses 
opportunities for future basic research and 
perhaps clinical development of antibody 
combination therapy. 
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MOLECULAR BIOLOGY 


Dynamic DNA Methylation 


Julie A. Law’ and Steven E. Jacobsen'2 


the methylation of cytosine nucleotide 
bases in DNA is observed in a wide 
variety of eukaryotic organisms. It occurs 
mainly at repetitive elements of genomes, and 
plays a critical role in silencing transposable 
elements (transposons). Its heritability is a key 
aspect of DNA methylation as a stable epige- 
netic mark of gene repression. However, two 
studies, by Teixeira ef al. on page 1600 in this 
issue (7) and Slotkin et al. (2), show that DNA 
methylation and gene silencing can be much 
more dynamic than previously thought. 
In the model plant Arabidopsis thaliana, 
three different methylation systems maintain 


T he silencing of gene expression through 
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cytosine methylation in three different se- 
quence contexts: CG [cytosine (C); guanine 
(G)], CHG [H is adenine (A), thymine (T), or 
cytosine (C)], and CHH (3). CG methylation 
is controlled by DNA METHYLTRANS- 
FERASE 1 (METI) and VARIANT IN 
METHYLATION | (VIM1) (4). The mam- 
malian homolog of VIMI (UHRF1) recog- 
nizes hemimethylated CG DNA and facili- 
tates its restoration to the fully methylated 
state (5, 6). Another critical factor is the chro- 
matin-remodeling protein DECREASED 
DNA METHYLATION | (DDM1), whose 
mutation causes massive losses of methyla- 
tion (7), and reactivates transposons (8). CHG 
methylation is maintained by the plant-spe- 
cific CHROMOMETHYLASE 3 (CMT3), 
and KRYPTONITE (SUVH4), a histone pro- 
tein methyltransferase. CMT3 binds to methy- 
lated histones (chromatin-associated proteins) 


The methylation of DNA during plant 
development is a much more dynamic 
process than previously assumed. 


and KRYPTONITE binds to methylated CHG 
sites, thereby creating a feedforward loop 
for maintaining CHG methylation (9). CHH 
methylation is controlled by a third DNA 
methyltransferase, DOMAINS REARRAN- 
GED METHYLTRANSFERASE 2 (DRM2). 
DRM2 is guided to its DNA targets by 24- 
nucleotide small interfering RNAs (siRNAs) 
in a pathway called RNA-directed DNA 
methylation (9, 70). In addition to maintaining 
CHH methylation, the RNA-directed DNA 
methylation pathway also controls the estab- 
lishment of DNA methylation in all sequence 
contexts (//). 

Although the details of these methylation 
systems are being quickly fleshed out, much 
less is known about the extent to which they 
are acting throughout plant development. 
Teixeira et al. show that some regions of 
the Arabidopsis genome can be efficiently 
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Silenced, again. DNA methylation that is lost in previous generations (for exam- 
ple, through mutation of a gene required for methylation) can be restored in sub- 
sequent generations when a gene encoding the wild-type version of the protein is 


remethylated if methylation was lost in previ- 
ous generations. Using ddm/ mutants, which 
display a global reduction in DNA methyla- 
tion, the authors investigated whether DNA 
methylation can be restored after a wild-type 
DDM1 is reintroduced. Roughly half the 
sequences they examined regained methyla- 
tion, thus reestablishing gene silencing. 
Complete remethylation was observed only 
after several generations, consistent with the 
multigenerational nature of transgene silenc- 
ing known for plants. 

The loci that became remethylated were 
characterized by the presence of high amounts 
of siRNAs, whereas loci that remained 
unmethylated lacked siRNAs (see the figure). 
Furthermore, reestablishing methylation re- 
quired RNA-DEPENDENT RNA POLY- 
MERASE 2, a key component of the RNA- 
directed DNA methylation pathway. Most 
siRNAs correspond to transposons and other 
highly repetitive DNA, which if expressed 
could lead to genome instability. Thus, the 
ability to specifically remethylate these se- 
quences is likely beneficial in a multigenera- 
tional manner to reinforce silencing and to 
correct defects in methylation patterning that 
might otherwise lead to transposon activation. 

In mammals, DNA methylation is dy- 
namic during development, and examples 
include gene-specific imprinting as well as 
genome-wide changes in some cell types 
(12). Arabidopsis and other flowering plants 
imprint specific genes by selective demethy- 
lation of promoters in the endosperm (nutri- 
tive tissue in seeds of plants) (9), but whether 
methylation patterns are altered globally in 


Global loss of 
methylation 


Gene expression 


different plant tissues or cell types has been 
unclear. Slotkin ef al. (2) report that the vege- 
tative nucleus of Arabidopsis pollen cells 
shows a global loss of gene silencing, coupled 
with reactivation of transposon expression. 
Pollen contain three nuclei: the vegetative 
nucleus, which powers the cell; a sperm 
nucleus, which fertilizes the egg to form the 
zygote; and a second sperm nucleus, which 
fertilizes the central cell in the ovule to form 
the endosperm. 

By comparing data from pollen with that 
of isolated sperm nuclei, Slotkin et al. (2) 
deduced that the vegetative nucleus was the 
location of transposon activation. Further, al- 
though new transposition events were de- 
tected in pollen, they were not inherited, again 
suggesting that transposon reactivation occurs 
in the vegetative nucleus, which does not con- 
tribute DNA to the zygote. Transposon reacti- 
vation was coupled with decreased expression 
of DDMI1, and several genes that control 
RNA-directed DNA methylation, as well as 
reduced numbers of 24-nucleotide siRNAs. 
Interestingly however, a different class of 
transposon-related siRNAs (21 nucleotides in 
length) accumulates in pollen. The authors 
propose that these 21-nucleotide siRNAs, 
originating in the vegetative nucleus, may 
travel to the adjacent sperm cells to reinforce 
silencing, perhaps in a manner akin to that 
shown by Teixeira ef al. for the remethylation 
of hypomethylated DNA in somatic tissue. 
Thus, only those transposons with the poten- 
tial to be expressed (because they were 
expressed in the vegetative nucleus) would be 
targeted by siRNAs in sperm nuclei. 


Remethylation only 
at loci that 
produce siRNAs 


t 


Gene silencing 


reintroduced. However, remethylation is restricted to loci that produce siRNAs, 
and depends on the RNA-directed DNA methylation pathway. SiIRNAs can thus 
selectively correct methylation defects to enforce silencing. nt, nucleotide. 


The results of Slotkin ef al. raise the ques- 
tion of whether similar processes occur in the 
Arabidopsis female gametophyte—for in- 
stance, if loss of silencing in the central cell 
might cause reinforcement of silencing in the 
egg cell. There are also interesting parallels 
with the siRNA-mediated communication 
between nuclei seen in Tetrahymena ther- 
mophila, where small RNAs generated from 
the micronucleus target chromatin modifica- 
tions (and eventually DNA deletion) to 
homologous genomic DNA sequences in the 
developing new macronucleus (/3). In the 
future, it will be important to assess the extent 
to which the dynamic processes uncovered by 
these recent findings are utilized in other 
aspects of eukaryotic development. 
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Fullerides in a Squeeze 


Erio Tosatti 


efore the discovery of cuprate super- 
B conductors, superconducting metals 

and Mott insulators—would-be met- 
als turned insulating by repulsion between 
electrons—seemed to have nothing to do with 
one another. Yet in cuprates, superconductiv- 
ity popped up by simply doping Mott insula- 
tors with some impurities (see the figure, pan- 
els A and B), opening up perhaps the most 
controversial physics field of the past 25 
years. As Takabayashi ef al. show on page 
1585 of this issue (/), pressure works very 
much the same feat in a completely different 
material: the hyperexpanded body-centered- 
cubic Al5-structured fulleride Cs,C,,, an 
insulator that is turned into a superconductor 
by giving it a light squeeze. What else, if any- 
thing, do cuprates and fullerides have in com- 
mon? And if they do, could one of them teach 
us something about the other? 

In fullerides, electron-donating alkali 
atoms are regularly interspersed in a lattice of 
C,, molecules (see the figure, panel C). The 
donated electrons are mobile between one C,, 
molecule and the next, turning the whole sys- 
tem into a metal. Upon cooling, these metal- 
lized fullerene crystals turn superconducting, 
and they do so at respectably high critical tem- 
peratures 7, of 20 to 30 K (2-4). 

At first sight, this is no big deal, because 
superconductivity in fullerides appears simi- 
lar in many ways to that of conventional super- 
conductors and unlike that in cuprates. For 
example, the symmetry of electron pairs— 
whose condensation gives rise to supercon- 
ductivity—is conventional (s-wave) in ful- 
lerides but unconventional (d-wave) in 
cuprates. In addition, the mechanism that 
glues the two electrons together to form the 
superconducting pair is conventional (phonon 
exchange) in fullerides (3, 4), whereas an elec- 
tronic and magnetic mechanism is more prob- 
able in cuprates, because electron correlations 
are strong in these systems (5). 

However, according to proponents of the 
“strongly correlated superconductivity” theory, 
the difference between fullerides and cuprates 
may be more superficial than substantial (6, 7). 
This theory identifies two basic elements that 
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The superconducting behavior of very different 
materials—fullerides and cuprates—could 
have more in common than previously believed. 
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Different yet similar. Cuprates such as Bi,Sr,CaCu,0,+d (23) (A) show a bell-shaped dependence of super- 
conducting transition temperature 7c on doping density (24) (B). Takabayashi et al. now report that in the 


fulleride A15 Cs,C,, 
are common to fullerides and cuprates: First, 
the contiguity between a Mott insulating and a 
metallic phase; and second, some spin selective 
electron-electron interaction—be it phononic 
or electronic in origin—favoring singlet spin 
pairing in the insulating state. 

It has been known for about a decade that 
fullerides can indeed be changed from metal- 
lic to Mott insulating by expanding the lattice. 
This was achieved in the past by inserting 
additional neutral molecules such as ammonia 
between the buckyballs; these molecules 
acted as spacers, exerting a kind of negative 
pressure and prying the lattice open. In these 
expanded compounds—exemplified by 
(NH,)K,C,, (8)—theory has long shown how 
the role of electronic repulsion is enhanced by 
expansion, tilting the fine balance between 


(C), a similar behavior can be induced through applying pressure (D). 


metallic and Mott insulating state (3, 4, 7). 
The Mott insulating state is antiferromagnetic 
(nearest spins point opposite to one another), 
but the spin of each C,, site is only 1/2 instead 
of 3/2 as one might have expected for three 
electrons per molecule. The low spin state is 
due to coupling to phonon vibrations, known 
in molecular physics as the Jahn Teller effect. 
Under pressure, such a “Mott Jahn Teller” 
insulator (9, /0) should, according to theory, 
turn into a strongly correlated superconduc- 
tor; and indeed it does (//). However, the lat- 
tice expansion caused by inserted molecules 
also changes the lattice symmetry and intro- 
duces disorder relative to the parent com- 
pound K,C,,, introducing some ambiguity 
into the assessment of this insulator-supercon- 
ductor transition. 
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The novel fulleride reported by Takabayashi 
et al. is born expanded, because the large Cs 
ions force the C,, lattice into a body-centered- 
cubic arrangement, which is more open than 
the face-centered-cubic structure of previous 
compounds (/2). Takabayashi et al. show that 
the zero-pressure state of this fulleride is a true 
Mott Jahn Teller insulator; thus, it possesses 
both ingredients required by the strongly cor- 
related theory. The insulating state is experi- 
mentally destroyed by a modest 2.5- to 4-kbar 
pressure—with no doping, no disorder, and no 
change of lattice symmetry. In the squeezed 
metal, magnetism disappears and is replaced 
by superconductivity below a 7, that rises 
from ~30 k at 2.5 kbar , peaks at ~38 k for 7 
kbar, and then drops at higher pressure. This 
bell-shaped behavior (see the figure, panel 
D) is a general feature predicted by the 
strongly correlated theory (7) and is similar 
to that seen in cuprates upon doping (see the 
figure, panel B). 

In this mapping between fullerides and 
cuprates, the superconducting A15 Cs,C,, 


fulleride between 2.5 and 7 kbar corre- 
sponds to the “underdoped” cuprates (with a 
hole doping between 5 and 15; see the fig- 
ure, panel B). Above 7., the low-pressure 
fulleride normal state should, according to 
the strongly correlated theory, behave quite 
differently from the regular metal of conven- 
tional superconductors. For example, it 
should show a depression of electronic 
states near the Fermi level (a pseudogap) 
reminiscent of that of underdoped cuprates, 
and detectable, for example, through pho- 
toemission or tunneling spectroscopy. 

What makes AIS Cs,C,,. particularly 
exciting is that it allows these and other pre- 
dicted properties of a state claim to be akin to 
underdoped cuprates to be measured without 
the complications caused by doping, and that 
its properties seem easier to model and cal- 
culate than those of cuprates—and of other 
molecular superconductors, too (/3). The 
hope is that we may finally make progress in 
grasping what is important and what is irrel- 
evant in all strongly correlated superconduc- 


PERoreECTIVES 


tors, by scrutinizing and understanding the 
expanded fullerides. 
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MATERIALS SCIENCE 


Stiffer Than Steel 


John D. W. Madden 


by Aliev et al on page 1575 of this 

issue (/) have the strength and stiffness 
of steel by weight in one direction and are 
more compliant than rubber in the other two. 
When charged, two dimensions quickly and 
reversibly triple in size while the third con- 
tracts. This response is virtually the same from 
liquid-nitrogen temperatures up to the melting 
point of iron. The ribbons are also transparent 
and flexible, yet conductive. The work is an 
exciting example of how nanostructuring can 
lead to combinations of properties that are not 
possible in bulk materials. 

Nature provides the best examples of the 
power of nanostructuring. For example, 
human hair is as strong as some steels (much 
stronger when scaled by density), and unlike 
steel can be stretched by 30% before break- 
ing. These properties are enabled by the 
alignment and crosslinking of bundles of pro- 
tein helices. Similarly, the use of micrometer- 
and nanometer-diameter fibers dramatically 


T he ultralow-density ribbons described 
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increases the strength of materials. Carbon 
fiber-reinforced plastics used in sports equip- 
ment and aircraft parts are both strong and 
light thanks to the incorporation of aligned 
fibers into a much less stiff epoxy resin. 
These composites can be about one hundred 
times as compliant perpendicular to the fiber 
axis as parallel to it. 


Voltage OFF 


Voltage ON 


a | 
Pe 


A new material is as light as air and expands 
like rubber, yet is stiffer than steel by weight. 


Carbon nanotubes have attracted a lot of 
interest as reinforcing materials because indi- 
vidual tubes are almost as stiff as diamond, are 
low in density, and have a tensile strength that 
is far greater than any bulk material. Carbon 
nanotube-containing fibers are gradually 
approaching the stiffness and strength of their 
component tubes. Aliev et al. now show that 


Intertwined tubes. Application of a voltage to ultralow-density carbon nanotube sheets produces a dramatic 
expansion in width and thickness (Left). The sheets are highly compliant in the width and thickness directions, 
perhaps held together by the bending stiffnesses of intertwined nanotubes, enabling large deformations of 


the ribbon in these axes (right). 
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nanotubes also enable highly anisotropic 
material properties. The authors have grown 
forests of 11-nm-diameter carbon nanotubes 
and then pulled the entangled tubes into rib- 
bons composed of oriented bundles. Their 
densities are extremely low—a little higher 
than that of air, and similar to that of the light- 
est materials known. The ribbons are very stiff 
for their weight in the stretch direction. 
Perpendicular to the stretch direction, they 
may be as much as one million times less stiff, 
and are far more compliant than rubber (2). 
This apparently unprecedented degree of 
anisotropy is akin to having diamond-like 
behavior in one direction and rubber-like 
behavior in the others. If the ribbons are 
stretched along the orientation axis, the other 
axes collapse dramatically—20 times as much 
as most materials do—leading to an overall 
shrinkage that is again unique in its magnitude 
and direction. 

The nanotube ribbon’s combination of the 
high stretch-direction modulus and low den- 
sity is well suited for creating thin, stiff beams 
and plates for aerospace and other applica- 
tions, in which minimizing mass is critical. 
The ribbons would require less than 10% of 
the mass needed by composites, wood, metals, 
or other materials, but are bulkier because of 
their extremely low densities (3). 

The application of a voltage charges and 
expands the ribbons in milliseconds, as the 
repelling charges maximize the surface area 
by pushing apart loosely interconnected bun- 
dles (see the figure). Although carbon nano- 
tube actuators have previously been activated 
by charging in an electrolyte, the resulting rel- 
ative changes in length were much smaller. 
The large strains of the new actuation mecha- 
nism suggest that high electromechanical 
coupling and efficiency should be achievable. 
This is because large changes in the distance 
between charges lead to a substantial change 
in electrical potential energy that can be con- 
verted to work. 

The actuators can deflect light, but are oth- 
erwise so compliant in their large strain axis 
that applications requiring large displacement 
and any appreciable force are excluded. This 
limitation might be overcome by greatly 
increasing the transverse stiffness of the rib- 
bons by densification of the nanotube ribbons 
and increasing the degree of interconnection 
between adjacent fibres. When forces are 
increased, the ribbon artificial muscles will 
become candidates for use in medical devices, 
robots, and perhaps even implants. 

How can a material that is so stiff in one 
direction be so compliant in the others? 
Entanglement of adjacent bundles might be 
expected to lead to a rubber-like elasticity, in 


which thermal agitations resist the uncoiling of 
weakly intertwined tubes. However, the nan- 
otubes are much too stiff to bend due to ther- 
mal energy, and their response shows virtually 
no temperature dependence—the elasticity is 
“enthalpic” rather than entropic in origin. So 
what keeps the films together? Small bundles 
wind around and perhaps interconnect with the 
larger oriented fibers [supporting figure S10 in 
(1)]. These tiny but stiff wires may act as 
springs that bend to provide a restoring force 
when the ribbons are deformed (see the fig- 
ure). If so, then altering the density and stiff- 
ness of interconnects should allow tuning of 
the mechanical properties of the ribbons. 

The discovery of the stiff yet compliant, 
light yet strong, electrostatically deformable 
ribbons should inspire the development of 
new nanostructured materials whose stiff, 
long, and carefully arranged elements enable 
exquisite tailoring of material properties. For 


example, it may be possible to create custom 
materials with unique properties by assem- 
bling nanometer-thick beams into carefully 
designed three-dimensional structures. The 
beams in this case are stiff macromolecules or 
nanowires that can resist attractive surface 
forces from neighbors. Creating the desired 
property combinations is a challenge, but 
reports of engineered three-dimensional 
structures composed of stiffened DNA (4), 
zinc oxide ribbons, and other stiff materials 
suggest that it will ultimately be possible. 
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CHEMISTRY 


Copper Puts Arenes ina 


Hard Position 


Robert E. Maleczka Jr. 


Copper catalysts enable substitution reactions on a benzene ring to occur at positions that 


normally are unfavorable. 


s a professor of chemistry, I have writ- 
A= many letters of recommendation 
for nonchemistry majors. This task 
gives me the opportunity to ask what the stu- 
dents remember most from their year of or- 
ganic chemistry. Electrophilic aromatic substi- 
tution—the replacement of hydrogen atoms on 
aromatic rings, or arenes, with substituents— 
often tops the list. With surprising regularity, 
students can recall the rules (or at least remem- 
ber that rules exist) predicting whether substi- 
tuted benzenes will react at their ortho, meta, or 
para positions (see the figure, panel A). A 
report by Phipps and Gaunt on page 1593 of 
this issue (/) might give my students pause. The 
authors show how ortho/para-directing amido 
groups can facilitate a difficult reaction, car- 
bon-carbon (C—C) bond formation, at the less 
favored meta position, courtesy of a novel cop- 
per(I)/copper(IID) catalytic sequence. 
The problem addressed by Phipps and 
Gaunt is a long-standing one. Shortly after 


Department of Chemistry, Michigan State University, East 
Lansing, MI 48824, USA. E-mail: maleczka@chemistry. 
msu.edu 


Faraday isolated benzene, chemists began to 
explore its reactivity. These studies soon 
revealed that benzene reacts in a way that 
replaces a hydrogen atom with a functional 
group such as NO, or Cl (2). Moreover, even 
before Kékulé suggested benzene’s structure, 
a number of disubstitution reactions were 
known to yield three different isomers. 
Assigning the absolute structures of such iso- 
mers fell to K6rner, who in 1869 introduced 
the terms ortho, meta, and para. 

In 1877, Friedel and Crafts discovered reac- 
tions that formed C-C bonds at aromatic rings 
(3). By the turn of the 20th century, reliable pre- 
dictions could be made of how substituent 
effects govern the reactivity and selectivity of 
reactions that would later be described as elec- 
trophilic aromatic substitutions (4). 

A substituent on a benzene ring influences 
both where a second substituent will preferen- 
tially react and whether these reactions will be 
accelerated or inhibited. Benzene molecules 
bearing groups that release electron density 
into the ring, which include alkylbenzenes, as 
well as anilides and phenols, activate elec- 
trophilic aromatic substitution reactions and 
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favor substitution at the ortho or para positions, 
or both (see the figure). Halides also direct 
substituents to these positions, but because 
they pull electron density from the ring relative 
to H, the reactions are relatively slower. Lastly, 
benzenes bearing electron-withdrawing groups 
(such as NO,) are deactivating and direct sub- 
stituents to meta positions. 

These “rules” made preparation of many 
arene substitution reactions predictable and 
also practical on an industrial scale. The ben- 
zene nucleus can be found in ~30% of all 
industrial chemicals and over half of the top 
50 drugs (5). Unfortunately, arenes in which 
the substitution patterns do not fit these rules 
(and which are said to be contra-electronic) 
can be extremely difficult to prepare. For 
example, obtaining only ortho products in the 
presence of a para- or meta-directing group 
was long considered a challenge. Multistep 
syntheses, which tend to be time consuming, 
more expensive, and lower yielding, were 
often needed to achieve the desired substi- 
tuted benzene. 

In the 1980s, directed metalation chem- 
istry, developed by Snieckus, emerged as a 
powerful tool for selective ortho substitution 
to certain functionalized groups, including 
some that are normally meta directors, such 
as carbamides (6). In this approach, an exist- 
ing group guides a base to the nearby ortho 
proton. Acid-base chemistry leaves a metal 
such as lithium at the ortho position, which 
then exchanges with a nonmetal substituent. 
More recently, functional group—directed 
carbon-hydrogen (C—H) bond activation, 
especially with palladium catalysts in the 
Pd(Il/Pd(IV) oxidation states, has allowed 
the introduction of various atoms, such as 
carbon, oxygen, and halogens, at ortho posi- 
tions (J, 7). 

The complementary problem of achiev- 
ing selective substitution meta to ortho/para 
donors has been more aggravating to 
chemists. For example, one relatively simple 
and synthetically useful (8) molecule, 3- 
bromo-5-chlorophenol, has three ortho/para 
directors, two of which are deactivating, and 
all occupy meta positions with respect to the 
others. Thus, phenol and either halobenzene 
are poor starting materials—each would 
direct the next substituent to the wrong posi- 
tion. Until recently (9), the best effort at syn- 
thesizing this contra-electronic molecule 
was a 10-step procedure reported in the 
1920s that used the explosive TNT (trinitro- 
toluene) as the starting material. 

Partial solutions to this meta problem have 
relied on steric preferences, catalyst choice, 
acidity differences, and, most often, multistep 
syntheses (/, 10). Some of these approaches 
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Location, location, location. (A) Many reactions readily 
add a second substituent to a benzene molecule at the 
positions across from the first substituent (para) or next to 
it (ortho), but addition at the remaining meta positions is 
usually slow and low in yield. The copper-catalyzed route 
described by Phipps and Gaunt forms carbon-carbon bonds 
to arene substituents at positions meta to an amide group; 
t-Bu is a tertiary butyl group. (B) The overall reaction; Ph is 


a phenyl group. 


are quite clever, including Wilhem and 
Lautens’ palladium-catalyzed alkylation hy- 
dride reduction sequence (/0). Sterically 
guided iridium-catalyzed C—H borylations 
also afford meta-substituted products regard- 
less of the electronic preferences (//). 
However, none of these methods could start 
with benzene bearing a single ortho/para 
donor and directly afford a single meta-substi- 
tuted benzene. 

Phipps and Gaunt changed that landscape 
by tapping into the electrophilicity of Cu(II) 
(see the figure, panel B). In their scheme, a 
Cu(IID) species is generated from Cu(1) and a 
bisarylated hypervalent iodine (that has lost 
two electrons to form two bonds and devel- 
oped a positive charge). That reagent appar- 
ently does not undergo traditional elec- 
trophilic aromatic substitution without the aid 
of the amide. The electrons on the basic amide 
oxygen attack the ortho position of the ben- 
zene. The ring electrons are effectively then 
pushed out to form the C—Cu bond, which 
breaks the ring’s aromaticity in the process. 
Further reaction with base rearomatizes the 
ring, and then the aryl group, originally 
bonded to iodine, forms a C—C bond at the 
meta position occupied by the Cu(II) group. 
The Cu(I) is regenerated, and the whole 
process begins anew. 

Cross-coupling reactions are among the 
most common C-C bond-forming reactions 
used for the preparation of drug candidates 


Accessible via Phipps and 
Gaunt’s Cu(I)Cu(III) catalyzed 


PeRoreClives 


(72). Cross-coupling reactions that avoid 
the preparation of haloaromatics are 
among the aspirational reactions recently 
identified by the American Chemical 
Society Green Chemistry Institute Pharma- 
ceutical Roundtable (/3). The organo- 
copper components of Phipps and Gaunt’s 
reaction need not be isolated, nor do the 
anilides require a halogen to effect C-Cu 
bond formation, so this part of the 
method can be considered green. 

Phipps and Gaunt’s methodology 
also represents new advances in both 
C-H activation and Cu(III) chemistry. 
Although their approach builds on 
their previous studies on copper-medi- 
ated indole arylations, the work does 
open a new chapter in electrophilic 
aromatic substitution chemistry. The 
chapter is still being written; the 
authors’ putative mechanism is specu- 
lative, and there are drawbacks to 
hypervalent iodides (such as availabil- 
ity, by-product formation, and cost). 
Relatively small changes to the reac- 
tion conditions can change the prod- 
ucts (1/4). Moreover, the yield of an 
anilide disubstituted with a deactivat- 
ing meta director was a disappointing 11%. 

Nonetheless, this study inspires the 
imagination. What besides aryl groups can 
be transferred? Can the approach be used in 
combination with other Cu(III) methods 
(15)? Finally, the role of Cu(II) in biologi- 
cal systems suggests that there may be bio- 
chemical or biosynthetic implications to 
these findings. 
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Flagellum Mediates Symbiosis 


Takefumi Shimoyama,” Souichiro Kato,”’? Shun’ichi Ishii,”’* Kazuya Watanabe 


rokaryotes perform a 
P wide variety of coopera- 

tive behaviors (/); for 
example, the anaerobic bio- 
degradation of organic matter is 
achieved by cooperative catabo- 
lism of diverse bacteria and 
archaea (2). With only a few ex- 
ceptions [e.g., quorum sensing 
(J)], however, little is known of 
molecular mechanisms underly- 
ing these complex interactions. 
We have investigated syntro- 
phy (symbioses based on nutri- 
tional cooperation) between 
fermentative bacteria (syntrophs) 
and methanogenic archaea (meth- 
anogens) that leads to the con- 
version of volatile fatty acids to 
methane in anaerobic environ- 


A 
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B =® Cont. H, =t=Cont. CH, 
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=e FIiD H, 


time point 2.7 hours)]. Comparison of transcrip- 
tome patterns showed that after 2 hours FliD 
binding altered the expression of over 50 genes 
[exceeding the threshold values (>2 or <0.5), 
P <0.05] (Fig. 1C) (5). FliC had no effect. FliD 
up-regulated genes for enzymes in methanogene- 
sis, adenosine triphosphate syn- 
thase, and hydrogenases (table 
S2), indicating that MM. thermau- 
totrophicus perceives FliD of 
P. thermopropionicum to prepare 
for syntrophy. 

We identified a role of a bac- 
terial flagellum in maintaining 
a symbiosis between prokaryotes, 
not only to ensure proximity be- 
tween specific partners but also to 
synchronize their metabolism. The 
liaison between P thermopropio- 
nicum and M. thermautotrophicus 
represents a protein-mediated com- 
munication system that has spe- 
cifically evolved for interspecies 
interactions. 


[CH,] (kPa) 
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ments (2). In such interactions, 
reducing equivalents (e.g., H») 
produced by syntrophs need to 
be rapidly consumed by meth- 
anogens (2), and close physical 
proximity between them is nec- 
essary for efficient H. transfer 
(3). Previous work suggested that 
unidentified extracellular filaments 1 
are important for Pelotomaculum 
thermopropionicum (syntroph) 
and Methanothermobacter ther- 
mautotrophicus (methanogen) 
to initiate syntrophy (3). 
Inspection of the genomes 
of PR thermopropionicum and 
M. thermautotrophicus showed 
that putative gene clusters for 
flagellum and pilus occur in the 
bacterium (figs. S1 and S2), and 
similar extracellular filaments 
were observed in P. thermopro- 
pionicum monocultures (3). Dif 
ferential centrifugation and gel 
electrophoresis showed that a partially purified frac- 
tion of the filaments in monoculture contained one 
major protein of about 55 kD (fig. S3), which was 
identified as FliC flagellin (PTH_2102, the major 
component of a bacterial flagellum) by N-terminal 
sequencing (fig. S3). However, we could not purify 
filaments from cocultures, probably because they 
mostly adhered to M. thermautotrophicus cells. We 
hence raised an antiserum against a recombinant 
FliC protein and identified that the filament in a 
coculture was the flagellum of P thermopropionicum 
(Fig. 1A). We also used recombinant FliC and/or 
FliD (the flagellar cap protein) in an assay to test 
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Fig. 1. Roles of the P. thermopropionicum flagellum in the syntrophic interaction with 
M. thermautotrophicus. (A) Fluorescence micrograph of P. thermopropionicum (PT) and 
M. thermautotrophicus (MT) connected by a flagellum. Cells were stained with DAPI 
(4',6'-diamidino-2-phenylindole, blue), whereas filaments were stained with an anti- 
FliC serum and Texas red—labeled secondary antibody (red). P. thermopropionicum 
cells are short rods, whereas M. thermautotrophicus cells are cylindrical, slender, and 
longer than P. thermopropionicum cells. Scale bar indicates 2 um. (B) Changes in 
headspace hydrogen (solid circle) and methane (open square) partial pressures in 
M. thermautotrophicus monocultures supplemented with FliC (red) or FliD (green). 
In the control (blue), neither FliC nor FliD was supplemented. Error bars indicate 
SD (n = 3). (C) Scatter plots of microarray data for FliC- and FliD-supplemented 
cultures by reference to the control culture (1868 spots in one plot). AU indicates 
arbitrary units. 


their binding specificities (fig. S4 and table S1) 
and found that, in addition to M. thermautotrophicus, 
these proteins adhered only to cells of Methanosaeta 
thermophila (fig. S4), an acetoclastic methanogen 
also known to form syntrophic association with 
P. thermopropionicum. 

Mammal immune cells perceive flagellins of 
pathogens by using Toll-like receptors and activate 
intercellular signaling pathways for innate immuni- 
ty (4). In the case of M. thermautotrophicus, the 
onset of methanogenesis was not affected by the 
presence of the FliC flagellin (Fig. 1B) but was 
accelerated by FliD [P < 0.01, Student’s ¢ test (at 
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Improved electrically powered artificial muscles are needed for generating force, moving objects, and 
accomplishing work. Carbon nanotube aerogel sheets are the sole component of new artificial muscles 
that provide giant elongations and elongation rates of 220% and (3.7 x 10*)% per second, respectively, 
at operating temperatures from 80 to 1900 kelvin. These solid-state—fabricated sheets are enthalpic 
rubbers having gaslike density and specific strength in one direction higher than those of steel plate. 
Actuation decreases nanotube aerogel density and can be permanently frozen for such device applications 
as transparent electrodes. Poisson’s ratios reach 15, a factor of 30 higher than for conventional rubbers. 
These giant Poisson's ratios explain the observed opposite sign of width and length actuation and result 


in rare properties: negative linear compressibility and stretch densification. 


ctuator materials and mechanisms that 
Ace electrical, chemical, thermal, or 
photonic energy to mechanical energy 
have been sought for over a century. Electrostatic 
attraction and repulsion between two nanotubes 
was used for cantilever-based nanotweezers (/) 
and mechanically based switches and logic ele- 
ments (2, 3). On the macroscale, electrically 
powered (4-6) and fuel-powered (7) nanotube 
actuators provided up to a few percent actuator 
stroke and a hundred times higher stress genera- 
tion than natural muscle. Demonstrated large-stroke 
pneumatic nanotube actuators used electrochem- 
ical gas generation within nanotube sheets (8). 
Carbon nanotube composites with organic poly- 
mers provided photoresponsive (9), shape memory 
(10, 11), and electromechanical (/2) actuators. 
Carbon nanotube aerogel sheets. We have de- 
veloped carbon nanotube actuators from aerogel 
sheets that are drawn from forests of carbon multi- 
walled nanotubes (MWNTs). They typically have 
a density of ~1.5 mg/cm’, an areal density in the 
sheet plane of ~1 to ~3 g/cm”, and a thickness of 
~20 um (/3, 14). The sample dimension in the 
sheet draw direction is the sheet length (Z), and the 
orthogonal sheet dimensions are the sheet width 
(W) and the sheet thickness (/), which have initial 
values L,, Wo, and H, before actuation. Liquid- 
based densification of the aerogel sheets can de- 
crease sheet thickness ~400-fold to typically 50 nm, 
which is useful for decreasing actuator volume. 
These nanotube aerogel sheets can be drawn from 
forests at above 2 m/s and a gram of sheet could 
cover over 30 m’ (fig. S1). The aerogel sheets act as 
a low-modulus rubber when stretched in the sheet- 
width direction by up to 300%, which is important 
for accommodating large-stroke actuation. 
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Actuation in sheet width and thickness direc- 
tions. Actuation results from applying a positive 
voltage to a nanotube sheet electrode with respect 
to a counter electrode, which is usually a distant 
ground plane. Figure 1, A to C, demonstrate width- 
direction actuator strokes of about 220%, as well 
as actuation from ambient to 1500 K. Figure 1D 
shows that electrically produced actuation of ~3x 
can be permanently frozen by laying the electrical- 
ly expanded sheet on a substrate and using van der 
Waals bonding between nanotubes and substrate 
to prevent return to the initial nonexpanded state. 
This freezing of electrically driven actuation en- 


D> 
iN 


ables tuning of areal density and related properties 
for transparent electrode applications. The conse- 
quence of “ballooning” in the width direction, 
from 0% at the sample grips to about 220% at the 
center of the nanotube strip, is periodic corruga- 
tion in the width direction during nanotube sheet 
cycling (Fig. 1, E and F). Corrugation formation 
can be avoided by either increasing the length-to- 
width ratio of the sheets, so that strains in the width 
direction become more uniform, or decreasing the 
applied potential. 

The observed voltage dependence of actuator 
stroke in the width direction at length center, nor- 
malized to the initial width to provide generated 
strain €,, = AW/W,, is shown in Fig. 2A for single 
and stacked aerogel ribbons having the same 
L,/W, ratio. Although €,, increases approximately 
quadratically with applied voltage V, a crossover 
occurs at higher voltages to a weaker dependence, 
~V*?_ A similar transition in the voltage depen- 
dence of lateral deflection has been observed and 
explained for a charged single nanotube that is 
clamped at both ends (/5). At relatively low ap- 
plied voltage (260 V), the observed width-direction 
actuation (fig. S5) was 14% for a sheet strip hav- 
ing L,/W, = 13.9 (14). Movie S1 shows width- 
direction actuation during cycling at high applied 
voltage, as well as simultaneously recorded changes 
in optical diffraction from the sheet. 

This crossover in voltage dependence from 
~V? to ~V~? results from ballooning caused by 
end clamping. In this geometry, width-direction 
expansion requires stretch in the high-modulus 
nanotube orientation direction, and this elonga- 
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Fig. 1. (A and B) Photograph of a rigidly end-supported 50-mm-long by 2-mm-wide nanotube sheet 
strip (A) and the same sheet strip expanded in width by applying 5 kV with respect to ground (B). (C) 
Photograph of a 25-mm-long nanotube sheet strip actuated at 1500 K by applying 3 kV, where the color 
of incandescence is not correctly captured by the camera. (D) Picture of identical-dimension nanotube 
sheet strips of (A) and (B) that were contacted with a Au-coated Si substrate while in un-actuated (1) and 
actuated (2) states and subsequently densified on the substrate by absorption and evaporation of ethanol. 
(E and F) Schematic representation (E) and optical micrograph (F), taken at ~45° to the sheet-width 
direction to enhance visibility, of the periodic corrugation in the width direction that results from periodic 
cycling under the inhomogeneous strains caused by sheet strip ballooning. 
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tion provides the dominant elastic energy term at 
the large strokes produced at high applied volt- 
ages. The charge-injection—generated force needed 
to provide strain €,, is approximately F = Ae,, + 
Be,,>, where A and B are coefficients propor- 
tional to elastic stiffness in the width and nano- 
tube orientation directions, respectively. The €,, 
term is just the ordinary linear dependence of 
force on elastic strain in the width direction. The 
€y° term arises from combination of the ey” de- 
pendence of fractional elongation of the bowed 
nanotubes and the ¢,, dependence of the projec- 
tion of the resulting restoring force onto the width 
direction. 

Because the electrostatic repulsive force F 
producing e€,, depends quadratically on injected 
charge and the injected charge is CV, where C is 
the sheet capacitance, the combination of linear 
and cubic terms in €,, for F leads to the correct 
prediction that ey increases as ~V* when ey, is 
small and as ~V~? when e,, is large. The cross- 
over voltage and the €,, obtained at high voltage 
should increase with increasing L/W, which is 
experimentally confirmed (fig. S4). 

The Fig. 2A data on the voltage dependence 
of €,, can be reduced to a universal curve (Fig. 


Fig. 2. (A) Width-direction A 


2A, inset) that is independent of the number V 
of stacked sheets (between N = 1 and 8), by 
plotting €,, versus V’Sy, where Sx = (N- _ RY 
(1 — R) and where R is a fitting parameter 
(0.095). We theoretically derived this normaliza- 
tion factor Sy using a simple mechanical model. 
The average charge-induced stress in the width 
direction scales as 1/N, while the average stress 
in the thickness direction is largely independent 
of N (/4). If charge-injection—generated stress in 
the thickness direction had no effect on width- 
direction strain, R would be zero and ¢,, would 
therefore be a function of only V7/N. The N- 
independent stress in the thickness direction upon 
charge injection will decrease width-direction strain 
as a result of sufficiently strong elastic cross- 
coupling between these parameters, thereby giv- 
ing rise to a finite R. Although use of Sy as a 
normalization factor accurately predicts the de- 
pendence of actuation strain on voltage over an 
eightfold change in sheet thickness, it becomes 
unreliable for thicker sheet stacks having low 
actuation strains at all voltages. The decrease in 
width-direction stroke by a factor of about 3.7 
upon densification of an eight-sheet stack (Fig. 2A) 
is consistent with the increase in nanotube-nanotube 


B 20 


actuation strain, AW/W,, ver- 
sus applied voltage for N = 
1 to 8 stacks of single aero- 1.2Ls' 
gel sheets and for a densified S 
eight-sheet stack, labeled - 
1 to 8 and 8’, respectively, 


* 1.64 


having L, = 25 mm and W = 
2 mm. The universal curve in 
the inset for this aspect ratio 
(12.5) shows results for un- 
densified nanotube sheet 
stacks that are normalized 
with a single-fit parameter 
R, where the normalization 


factor is Sy = (NW? — RM - 
R). (B) Actuation-generated 
thickness-direction strain ver- 


interconnects and the corresponding increase in 
specific stiffness (/6) as a result of densification. 

The average actuation rate in the width direc- 
tion was determined in air (/4) for a high—aspect 
ratio single sheet (L,/W, = 36) by measuring the 
time delay (5 ms) between applying 5 kV to the 
nanotube sheet and subsequent 180% width 
expansion (fig. S6). This average actuation rate 
was a notable (3.7 x 10*)%/s, as compared with 
the maximum 20%/s achieved rate for other 
electrically driven carbon nanotube yarn or sheet 
actuators and the 50%/s maximum rate of natural 
muscle (/7). A comparable average actuation 
rate (3.4 x 10* %/s) was obtained for artificial 
muscles based on silicon elastomers, but this rate 
was obtained for electrical drive at resonant fre- 
quency where the actuator stroke was about 12% 
(/7, 18). 

Resonant actuation in vacuum caused large 
strokes in the width direction at low applied volt- 
ages because of a surprisingly high observed 
quality factor O (fig. S7). Applying 1 Vams (root 
mean square voltage) ac drive voltage to a 25- 
by-1.8-mm single sheet resulted in a resonant 
frequency of 1089 Hz and a Q of 455, which 
markedly decreased (fig. S8) when air was in- 
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eight-layer sheet strip with 
the above L, and W, and 
H, = 0.3 mm. The insets are 
edge-view photographs of 
the sheet strip in the sample 
jig of fig. S2 before (top) 
and after actuation (bottom), 
showing at midpoint the laser 
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beam used for thickness mea- 
surement. (C) Specific stress 
versus length-direction strain 
at constant applied voltage 
(curves rising to the right) 0 


Stress (MPa cm*/g) 
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and for increasing voltage 
for a given tensile stress ap- 
plied before actuation (lines 


-1.5 


rising to left), where the squares, circles, up triangles, down triangles, and dia- 
monds correspond to applied voltages of 0, 0.4, 0.8, 1.2, and 1.6 kV, respectively. 
The investigated single sheet was 14.3 mm long and 0.55 mm wide and the 
sample jig of fig. S3 was used. The inset provides corresponding specific work 
capacity as a function of initially applied specific stress for different applied volt- 
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ages. (D) Width-direction actuator strain for a single nanotube sheet strip (25 mm 
by 1 mm) on switching between 0 and 3 kV at the indicated temperatures. The 
insets picture the actuated sheets at incandescent temperatures. All results are for 
length-end supported nanotube sheets; measurements of AW/W, and AH/H, were 
made midway between these supports, and provided lines are guides for the eye. 
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troduced (/4). The high mechanical quality factor 
in vacuum, as well as the high quality factor for 
electronic resonance (due to the largely ca- 
pacitive nature of electronic load of nanotube 
sheet and cables), enabled an observed 30% os- 
cillatory actuation to be driven at high frequency 
by a 10 Vams ac power supply (fig. S9). The trick 
here is to place a small inductor coil between 
the power supply and the nanotube sheet, where 
the inductance of the coil and the capacitance of 
the sheet and associated leads provide an elec- 
tronic resonant frequency that is close to the me- 
chanical resonance frequency of the nanotube 
sheet (/4). The electronic resonance increased 
the 10 Vams voltage applied to the inductor to a 
measured 150 Vas, which combined with me- 
chanical resonance enhancement to provide this 
+30% oscillation at 1100 Hz. 

Because charge-injection—based forces act 
only at the sides of a conductor sheet, sheet de- 
formation during actuation is expected to be uni- 
form on the macroscale across sample width, as 
long as large sheet aspect ratio ensures that width 
constraints at end supports are unimportant. Op- 
tical measurements demonstrate strain uniformity 
in the sheet-width direction on dimensional scales 
where sheet mechanical properties achieve bulk 
values (/4). The expected increase in charge 
density close to sheet boundaries (figs. S10 and 
S11) was evident from potential measurements 
using a Kelvin probe attached to an atomic force 
microscope (/4). 

Charge-induced actuation in the sheet thick- 
ness is much like that for sheet width: Actuator 
strokes in the thickness direction are also giant 
(~200%), and the voltage dependence of this ac- 
tuation again switches from approximately a V7 
dependence to close to a V~ dependence as ap- 
plied voltage increases (Fig. 2B). A likely reason 
for this similarity in actuator stroke for sheet 
thickness and width directions is the approximate 
structural equivalence of these directions. 

Actuation in the sheet-length direction. 
Large-stroke actuation by expansion in sheet 
width during charge injection is accompanied 
by contraction of a few percent in sheet length, 
where modulus and strength are much higher 
than for other directions. Length-direction actu- 
ation generates an isometric specific stress of up 
to 4.0 MPa cm*/g (corresponding to the data 
point for AL/L,= 0 and 1.6 kV in Fig. 2C). Be- 
cause electrostatically generated stress is pro- 
portional to 1/H, densification of the sheet by 
decrease in sheet thickness H leaves the isometric 
specific stress unchanged. Hence, a densified sheet 
strip with a density of 0.8 g/cm’ has an isometric 
stress—generation capability of 3.2 MPa, which is 
about 32 times as high as the maximum sustain- 
able stress-generation capability of natural skeletal 
muscle (/7). The actuator stroke for a specified 
change in applied potential decreases with increas- 
ing initially applied stress, because the Young’s 
modulus increases with strain, so the specific work 
per cycle reaches a plateau, where there is little 
sensitivity to the initially applied stress. The max- 


imum achieved work per cycle (Fig. 2C, inset) is 
~30 J/kg, compared with the maximum capability 
of ~40 J/kg for natural muscle (/7). 

Actuation at extreme temperatures. The data 
in Fig. 2D show that width direction actuator 
stroke does not significantly change upon in- 
creasing temperature from 300 to 1365 K by 
resistively heating the sample. Considering the 
high-temperature changes and the possibility that 
permanent modulus changes will occur because 
of irreversible annealing, it is also surprising that 
the nanotube sheets can be repeatedly cycled be- 
tween 300 K and at least 1500 K without causing 
substantial change in actuation at either temper- 
ature (/4). Also, no change in actuator stroke 
was observed in going from 300 K to the lowest 
observation temperature (80 K). 

Because essentially constant electrostatically 
generated stresses are acting against the elastic 
modulus to provide the actuator stroke, the ob- 
served near-temperature-invariant actuator stroke 
indicates that the nanotube sheet modulus is 
largely temperature independent. This is a sig- 
nature of enthalpic elasticity and contrasts with the 
highly temperature-dependent modulus of ordi- 
nary entropic rubbers. Single MWNT and MWNT 
bundle rigidity explains the absence of a notice- 
able entropic contribution to rubber elasticity. The 
~12-nm-diameter, approximately nine-wall MWNTs 
used have very high bending modulus, and fur- 
ther modulus increase results from MWNT bun- 
dling (providing an average of ~25 nanotubes in 
a bundle) (/4). The ability of these bundles to 
act as rigid rods is described by the persistence 
length, which equals the ratio of the bending 
modulus to Ag7; where kg is the Boltzmann con- 
stant and 7 is the absolute temperature. Assum- 
ing that walls in the MWNTs can easily slip 
with respect to each other, and making the same 
approximation for MWNTs in a bundle, a lower- 
limit estimate of the bending stiffness of the 
MWNT bundles is obtained as the product of the 
number of MWNTs in a bundle and the sum of 
the known bending stiffhesses of single nanotube 
walls ina MWNT (/9). The thereby obtained per- 
sistence length of the MWNT bundles is so long 
(about a meter at 1900 K) that stress-induced 
change in entropy cannot appreciably contribute 
to rubberlike elasticity (/4). 

Giant Poisson's ratios and their effects on 
actuation. Giant Poisson’s ratios are observed, 
which are important both for actuation and for 
possible use of nanotube sheets and sheet strips 
for strain amplifiers. This ratio of percent lateral 
contraction to the percent applied tensile elon- 
gation was measured optically (/4) for stretch in 
the length direction to provide a width-direction 
Poisson’s ratio of 9.5 + 2.0 for sheet stacks with 
between | and 15 layers and strains up to 2%. 
The corresponding measured Poisson’s ratio in 
the thickness direction was even larger (15 for a 
30-layer sheet stack). A similarly giant Poisson’s 
ratio (—12), but of opposite sign, has been ob- 
served for nanoporous polytetrafluoroethylene 
(20). These large Poisson’s ratios indicate that 
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the nanotube sheets can function as previously 
sought strain amplifiers (2/7), which amplify strain 
over an order of magnitude without providing 
the added bulk and frequency limitations asso- 
ciated with conventional lever systems (/4). Be- 
cause both the width- and_ thickness-direction 
Poisson’s ratios are so large, a percent extension 
in the nanotube sheet direction would produce a 
~23.5% decrease in sheet volume. This property of 
decreasing volume when stretched, called “stretch 
densification,” is extremely rare (22) and implies 
that the aerogel will have a negative linear com- 
pressibility in the length direction, meaning that it 
will expand in this direction when hydrostatical- 
ly compressed without infiltration. 

Because of the giant Poisson’s ratios for length- 
direction stretch, confinement of sheet length by 
rigid end supports substantially reduces actua- 
tion in width and thickness directions. The over- 
all width (or thickness) change during actuation 
for a length-confined nanotube sheet is approx- 
imately equal to the sum of those for a two-step 
process: actuation in the absence of length con- 
straint followed by applied stretch to return the 
length to its initial value. Correspondingly, for a 
2% contraction in length for an unconfined sheet 
during actuation and the above Poisson’s ratios, 
length confinement using rigid end supports de- 
creases actuation strain in the width and thick- 
ness direction by about 19 and 30%, respectively. 

Why does the nanotube sheet contract in 
the length direction during charging, when re- 
pulsive interactions between injected charges 
are normally expected to produce expansion in 
all directions? The explanation has the same 
structural origin as the giant Poisson’s ratios for 
length-direction stretch. Because injected charge 
can freely move in the electrically conducting 
aerogel to eliminate internal electric fields, ex- 
cept very near the sheet surfaces, the actuator 
strokes arise from electrostatically generated ten- 
sile stresses OL, Ow, and oy applied in the length, 
width, and thickness directions, respectively (/4). 
The elastic compliance coefficients S., Spy, and 
Sty then provide a length direction strain of e, = 
Stto_ + Spwow + Spyoy. Because diagonal 
terms like S_;, must be positive as a requirement 
for structural stability and o, must be positive 
when oy, is electrostatically generated, the first 
term would produce an expansion in the length 
direction. Even though o> ow >> oy > 0 (14), 
the contributions from the other terms (with Spw 
and S;}4 negative, corresponding to the observed 
positive Poisson’s ratios) must be sufficient to 
reverse the sign of e,. Support for this is pro- 
vided by the giant positive observed Poisson’s 
ratio in width (vpy) and thickness directions 
(ViH) for length-direction stretch: vpw = —S,w/SLL 
and vpy = —Spp/Spy. The existence of a contrac- 
tion for electrostatically generated stresses implies 
the existence of a negative linear compressibility, 
because increase of the tensile stresses in the width 
and thickness direction to equality with o,, would 
further increase the shrinkage in the length direc- 
tion for the resulting negative hydrostatic pressure, 
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and reversal of this negative hydrostatic pressure 
to a positive value would result in a corresponding 
pressure-induced expansion in the length direction 
for positive hydrostatic pressure. 

Application possibilities. In addition to extend- 
ing the capabilities of artificial muscles to giant 
strokes and strain rates at extreme temperatures, 
the present actuator mechanism provides other 
application possibilities that relate to the structural 
change of the nanotube sheets during large-stroke 
actuation. The nanotubes diffract light perpendicu- 
lar to the alignment direction, which can be dy- 
namically modulated at over kilohertz frequencies 
for optical applications (74) (movie S1). The ability 
to tune the density of nanotube sheets and then 
freeze this actuation is being used for optimizing 
nanotube electrodes for organic light-emitting dis- 
plays, solar cells, charge stripping from ion beams, 
and cold electron field emission. 
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Spinal Cord Stimulation Restores 
Locomotion in Animal Models 
of Parkinson's Disease 


Romulo Fuentes,?*t Per Petersson,”2* William B. Siesser,? 


Marc G. Caron,*? Miguel A. L. Nicolelist*4>"*7: 


Dopamine replacement therapy is useful for treating motor symptoms in the early phase of 
Parkinson's disease, but it is less effective in the long term. Electrical deep-brain stimulation 

is a valuable complement to pharmacological treatment but involves a highly invasive surgical 
procedure. We found that epidural electrical stimulation of the dorsal columns in the spinal cord 
restores locomotion in both acute pharmacologically induced dopamine-depleted mice and in 
chronic 6-hydroxydopamine—lesioned rats. The functional recovery was paralleled by a disruption 
of aberrant low-frequency synchronous corticostriatal oscillations, leading to the emergence of 
neuronal activity patterns that resemble the state normally preceding spontaneous initiation of 
locomotion. We propose that dorsal column stimulation might become an efficient and less 
invasive alternative for treatment of Parkinson's disease in the future. 


(PD) experience chronic and progressive 
motor impairment (/). The main cause of 
PD is basal ganglia dysfunction, resulting from 
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degeneration of neurons in the dopaminergic ni- 
grostriatal pathway (2). Dopamine replacement 
therapy, through administration of the dopa- 
mine precursor 3,4-dihydroxy-L-phenylalanine 
(L-dopa), effectively ameliorates symptoms as- 
sociated with PD and remains the treatment of 
choice to date (3). Unfortunately, L-dopa phar- 
macotherapy has proven less efficient in the long 
term and is associated with several complications 
(4). Additional therapeutic strategies, employed in 
conjunction with pharmacological treatment, have 
thus attracted considerable attention. In particular, 
improved techniques for electrical stimulation of 
the basal ganglia—treferred to as deep-brain stimu- 
lation (DBS)—are effective for treatment of motor 
symptoms in PD (5). Furthermore, DBS permits a 
reduction of L-dopa dosage in PD patients (6). 
However, a disadvantage of DBS is the require- 


ment of a highly invasive surgical procedure, as 
well as the crucial dependence on accurate tar- 
geting of very small brain structures (7). Hence, 
it is desirable to identify a less invasive method 
to electrically stimulate neuronal circuits to obtain 
beneficial effects similar to those of DBS. 

Some clues for new PD therapies may come 
from epilepsy studies. In both animal models and 
in epilepsy patients, stimulation of peripheral nerve 
afferents is effective in desynchronizing aberrant 
low-frequency neural oscillatory activity, there- 
by reducing the frequency and duration of seizure 
episodes (8—10). Aberrant low-frequency neu- 
ral oscillations are well documented in patients 
(/1, 12) and in animal models of PD (/3). These 
findings led us to hypothesize that stimulation of 
afferent somatic pathways could alleviate motor 
symptoms of PD by disrupting aberrant low- 
frequency oscillations. 

Dopamine, akinesia, and synchrony. The first 
set of experiments was carried out using an in- 
ducible mouse model of PD, first in wild-type 
animals and then in dopamine-transporter knock- 
out (DAT-KO) mice (/4). Through pharmacolog- 
ical inhibition of dopamine synthesis, we induced 
acute dopamine depletion in both types of ani- 
mals (2, /3, 14). In patients, the cardinal symp- 
toms of idiopathic PD have been reported to be 
clinically apparent after degeneration of 60 to 70% 
of the dopaminergic neurons of the substantia 
nigra pars compacta, which results in a 30 to 50% 
reduction of striatal dopamine levels (/5, 16). By 
means of two intraperitoneal injections (250 mg/kg) 
of the tyrosine hydroxylase inhibitor alpha-methyl- 
para-tyrosine (AMPT) during a 6-hour period 
(15, 16), we achieved acute pharmacological 
dopamine depletion slightly below the levels 
observed in PD patients in wild-type C57/BL6J 
mice (69% reduction of striatal dopamine levels; 
mean + SD = 4.5 + 2.0 ng dopamine per mg 
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tissue in depleted animals compared with 14.4 + 
3.3 in controls; P < 0.005 Mann-Whitney, 1 = 6/6) 
(fig. S1). Equivalent symptoms of main clinical 
motor manifestations in PD patients were found 
in AMPT-injected mice (figs. S2 and $3). In par- 


Fig. 1. Acute inhibition of dopa- 
mine synthesis produces a Parkin- 
sonian state. (A) Examples of LFP 
spectrograms and firing-rate plots 
recorded in MI during two 5-min 
periods before and after dopamine 
depletion. Top row: Locomotion dur- 
ing recording periods. Second row: 
LFP power. Third row: LFP power 
standardized to the nondepleted 
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ticular, locomotive activity was significantly re- 
duced [average locomotion scores in nondepleted 
and depleted animals were (mean + SEM) 3.7 + 
0.1 and 0.4 + 0.02 mm/s, = 11 and 14, respec- 
tively], and a preferential reduction of faster move- 
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5-min period. Fourth row: Close-up 
of low-frequency range shown in 
third row. Note the increased power 
in low frequencies in the depleted 
state (black arrows) and the relative 
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normalization of spectral power 
upon locomotion (red arrow). Bot- 
tom row: Average firing per second 
for 6 MI units. (B) Set-up for elec- 
trical stimulation of dorsal columns. 
The stimulation electrode (red) is 
implanted above the spinal cord, 
and connection wires are passed sub- 
cutaneously to a connector attached 
to the skull. Two stimulus-isolator 
units provide biphasic constant- 
current pulses at desired frequency 
and intensity. (C) Schematic dorsal 
(left) and sagittal (right) views of 
the implanted electrode. r, rostral; 
c, caudal. 
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Fig. 2. DCS restores locomotion and desynchronizes corticostriatal activity. 
(A) Relative change in amount of locomotion in depleted and nondepleted 
mice. DCS frequencies specified on x axis. n.V, trigeminal nerve stimulation. 
Mean and SD shown; means for all conditions before and after depletion 
are significantly different, « = 0.005. (B) DCS preferentially increases the 
fraction of faster movement components in dopamine-depleted animals but 
not in controls. (C) Average spectrograms of striatal LFPs and firing rates 
recorded around 300-Hz stimulation events (yellow bar). Top row: LFP power 
(n = 21 events; black trace denotes spectral index). Second row: LFP power 
standardized to first 240 s. Rows 4 and 5, respectively: Firing rate for 98 
striatal and 96 cortical units standardized to firing rates during first 240 s 
and ordered by responsiveness after DCS (19); n = 36 events. Neurons 
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exhibiting significant changes during the 30-s period after stimulation 
(black line) are indicated with red and blue rectangles (excitatory and in- 
hibitory responses). Middle row: Average locomotion; n = 36 events. 
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ments indicated bradykinesia in the depleted state 
(fig. S2) (17, 18). 

Neuronal activity patterns of dorsolateral stria- 
tum and primary motor cortex (MI) were also 
significantly altered. Differences were found both 
on the population level, through inspection of 
local field potentials (LFP) and in the firing pat- 
terns of single cortical and striatal neurons (/3). 
Figure 1A shows an example of LFP spectro- 
grams recorded in MI during two 5-min periods 
before and after dopamine depletion (second 
row, left and right, respectively). Spectral anal- 
ysis revealed particularly powerful oscillations 
~1.5 to 4 Hz and in the lower beta range (10 to 
15 Hz), whereas the power of oscillations >25 Hz 
was decreased in relation to baseline conditions 
(standardized spectrograms, Fig. 1A, third and 
fourth row, and fig. S6). 

Important differences in single- and multi-unit 
activity were also found. The firing rates of a ma- 
jority of 52 striatal and cortical neurons, which 
were positively identified after a 6-hour depletion 
period, showed significant differences (70.0% in 
motor cortex and 75.0% in striatum, ao = 0.001) 
when we compared the more active nondepleted 
state and the immobile depleted condition (see 
activity raster plots shown for a few units in Fig. 
1A, bottom row). During dopamine depletion, a 
higher proportion of neurons tended to discharge 
phase-locked to LFP oscillation, in effect result- 
ing in increased synchronicity [52.7% (64/129) in 
depleted versus 37.0% (44/127) in nondepleted 
state; a = 0.001] (see fig. S6 for details). 

DCS alleviates akinesia and synchrony. The 
effect of dorsal column stimulation (DCS) was 
next evaluated in mice before and after acute 
pharmacological dopamine depletion. DCS was 
achieved by chronic implantation of custom- 
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made flat bipolar platinum electrodes positioned 
epidurally above the dorsal columns of the spinal 
cord at the upper thoracic level (Fig. 1, B and C). 

DCS had a dramatic effect on the amount of 
locomotion displayed during stimulation periods 
in the dopamine-depleted animals. This effect was 
strongest for 300-Hz stimulation; on average, 
the amount of locomotion during stimulation pe- 
riods was more than 26 times as high as during 
the 5-min period before stimulation (Fig. 2A and 
Movie S1). DCS had a smaller, albeit clear, effect, 
using lower stimulation frequencies. In contrast, 
control experiments using air puffs or trigeminal 
nerve stimulation were not effective (Fig. 2A and 
fig. S5). DCS caused increased locomotion also 
during nondepleted conditions, but this increase was 
moderate (4.9 times prestimulus values at 300 Hz) 
in comparison to that in depleted animals (Fig. 2A. 
Locomotion was normally initiated a few seconds 
after the onset of DCS, with a slightly longer delay 
in depleted animals (median = 3.35/1.35 s, interquar- 
tile range = 2.22/1.22 s, P=0.023, Mann-Whitey, in 
depleted/nondepleted animals at 300 Hz). In ad- 
dition, a small residual effect was found after 
high-frequency stimulation in depleted, but not in 
nondepleted, animals (3.4 and 0.95 times prestim- 
ulus values, respectively for the 30 s after 300-Hz 
DCS). DCS also proved efficient for alleviation 
of bradykinesia as indicated by the relatively larger 
increase in the amount of fast-movement com- 
ponents in depleted animals (Fig. 2B). 

Analysis of LFP recordings during DCS in 
both MI and in striatum showed a shift in spectral 
power from lower to higher frequencies (average 
spectrograms from a total of 21 events of DCS at 
300 Hz obtained from nine animals are shown in 
Fig. 2C). The spectral shift was maintained through- 
out the stimulation period and lasted for ~5O s 
after the end of stimulation. To condense the spec- 
tral shift into a single measure, a spectral index 
was computed by dividing the spectral range ana- 
lyzed into an upper and lower half and calculating 
the ratio of the summed power of the frequencies 
in the two intervals [(25 to 55 Hz)/(1.5 to 25 Hz)]. 
The spectral index (black trace in Fig. 2C) illus- 
trates the rapid spectral shift induced by DCS and 
the prolonged effect after DCS had ceased. 

DCS also affected the firing patterns of indi- 
vidual neurons. To avoid interference from stim- 
ulation artifacts, the 30-s stimulation periods were 
excluded from the analysis of spike data. Even 
during the period following stimulation, though, 
numerous neurons showed significantly altered 
firing rates (47.9% in MI and 41.8% in striatum, 
a = 0.01; Fig. 2C, rows 4 and 5, respectively). The 
fraction of units entrained to LFP dropped notably 
(from 42.7/38.8% in Ml/striatum the 30 s before 
DCS to 24.5/24.0% the 30 s after DCS, a = 0.01). 

Although the onset of locomotion was delayed 
a few seconds, changes in the neural activity were 
detected almost immediately after DCS onset 
(mean + SD evoked potential latency = 44 + 5 ms), 
perhaps indicating that the electrophysiological 
changes have a permissive rather than a directly 
instructive role for the initiation of locomotion. 


A brain state permissive of locomotion. Dur- 
ing the relatively rare instances when the depleted 
animals displayed locomotion, low-frequency os- 
cillations were diminished (Fig. 1A). This situation 
bears an obvious resemblance to the DCS-induced 
state. Thus, a certain decrease of low-frequency os- 
cillations may be required to initiate locomotion. 
We analyzed the detailed temporal patterns of shifts 


Fig. 3. Activity patterns during spon- A 
taneous locomotion. (A) Average 

spectrogram of striatal LFP aligned 

to the onset of spontaneous loco- 

motion in control (n = 115 events) 

and dopamine-depleted condition 

(n = 51 events). The gradual shift B 
from lower to higher frequencies in- 
dicated by the average spectral index 
(black trace) starts before locomo- 
tion onset (dashed white line). (B) 
Standardization of spectrogram rela- 
tive to directly preceding nonlocomo- 
tion periods (collected between 20 
and 10 s before locomotion onset 
from 112 stationary 10-s periods). 
(C) Firing rate (binned at 0.5 s) of 
striatal and MI units around the 
onset of spontaneous locomotion. 
Significant changes in firing rate 
(as compared to stationary period) 
are indicated with magenta (excit- 
atory response) and blue (inhibitory 
response) crosses. (D) Average loco- 
motion during recorded events. 


Frequency (Hz) 


Frequency (Hz) 


Striatal © 
neurons 


neurons 


Locomotion9 MI 


A DATKO Mice 


L-DOPA injections (mg/kg) 
3 5 6 


ook hha ELLE 


Cumulative distance (m) 


0 60 120 180 240 300 360 420 480 540 600 
Time (min) 


Fig. 4. DCS restores locomotion in severely 
dopamine-depleted mice and in chronically lesioned 
rats. (A) The cumulative amount of locomotion scored 
in animals receiving DCS in combination with suc- 
cessive t-dopa injections (black) was significantly 
higher at all time points than that observed for 
the group only receiving t-dopa (gray). (B) DCS 
(yellow shaded area) induced a prominent increase 


in oscillatory LFP activity during spontaneous loco- 
motion events in nondepleted (115 events in 10 
animals) and depleted (51 events in 5 animals) 
mice (Fig. 3, A and B). In both states, significant 
spectral shifts from lower to higher frequencies, 
assessed by spectral index changes (P < 0.01) (79), 
were detected a number of seconds before the ini- 
tiation of locomotion (nondepleted: mean + SD = 
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in locomotion in 6-OHDA-lesioned rats (shaded area around trace is SEM) compared with the preceding 
non-DCS sessions. In the sham group, in contrast, DCS caused a moderate response comparable to non-DCS 
sessions (mean + SEM, n = 64 stimulation and 64 control sessions for both sham-treated and lesioned rats). 
(C) (Left) DCS specifically increases locomotion in 6-OHDA-lesioned rats (mean and SEM shown; all means 
are significantly different from the others, P < 0.001, Kruskal-Wallis and Dunn’s multiple comparison test; 
flashes indicate DCS sessions). (Right) A preferential relative increase of faster movement components 
locomotion was found in the 6-OHDA-lesioned group reflecting alleviation of bradykinetic symptoms. 
Relative changes in amount of locomotion in three speed intervals (DCS/non-DCS sessions) are shown. 
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2.9 + 1.7 s, range 0.1 to 5.5 s, m = 88, MI and 
striatal LFP; depleted: 3.0 + 1.7, range 0.2 to 5.5 s, 
n = 48, MI and striatal LFP). Yet, there were also 
important differences, most notably below 25 Hz. 
A more differentiated decrease in power of oscil- 
lations below 8 Hz and an increase above 17 Hz 
was observed in nondepleted animals, whereas 
the spectral power in a broader range between 5 
and 25 Hz was decreased in depleted animals. 
Because these different patterns occurred before 
the onset of locomotion, it is unlikely that they 
were due to differences in locomotion between the 
two groups. Instead, they could be part of the ex- 
planation of why depleted animals moved slower 
and for shorter time periods. 

On the single-neuron level, the same type of 
firing rate changes after DCS also occurred in 
conjunction with spontaneous locomotion events. 
From a total pool of 193 neurons (from nine con- 
trol and five dopamine-depleted recording sessions 
in 11 animals), 111 modulated their firing rate dur- 
ing locomotion and, unexpectedly, 59 of these 
neurons showed a patter of early activation, 2.9 + 
1.4 s (mean + SD) before actual locomotion on- 
set (range = 0.5 to 4.5 s, n = 59 striatal and MI 
units from depleted and nondepleted conditions) 
(Fig. 3C). 

DCS in combination with t-dopa treatment. 
To find the minimum dose of L-dopa (alone or 
combined with 300-Hz DCS) required to restore 
locomotion, DAT-KO mice were used. These mice 
have <5% of normal striatal content of dopamine 
(/4). Dopamine can be further decreased to vir- 
tually undetectable levels by injecting AMPT (250 
mg/kg intraperitoneally), resulting in a completely 
akinetic animal model (/4). By gradually increasing 
dopamine levels through repeated L-dopa injec- 
tions every hour, we tested the locomotion thresh- 
olds. In the group receiving only L-dopa injections 
(n = 6 sessions from 4 mice), locomotion typically 
first occurred after the fifth injection (5 mg/kg dose, 
corresponding to a total dose of 15 mg during the 
first 5 hours). When L-dopa treatment was com- 
bined with DCS, the same amount of locomotion 
was displayed after the second injection (2 mg/kg 
dose, corresponding to a total dose of 3 mg in 
the first 2 hours) (1 = 10 experiments from seven 
mice (Fig. 4A). That means that in combination 
with DCS, one-fifth of the L-dopa total dose 
was enough to produce equivalent locomotion to 
L-dopa alone. There was also a general increase 
in the amount of locomotion displayed in the 
L-dopa+DCS group over the entire range studied. 
Thus, L-dopat+tDCS seems to be superior to 
L-dopa alone in terms of the ability to rescue 
locomotive capability after severe dopamine deple- 
tion. Finally, animals in the t-dopat+DCS group 
consistently showed higher values of spectral index 
than the L-dopa only group. This suggests that 
DCS facilitates locomotion, even in severely de- 
pleted animals, through similar mechanisms (fig. S7). 

DCS is effective after chronic lesions. Although 
the acute dopamine depletion model employed 
in the first set of experiments could reproduce all the 
main symptoms of PD, it was important to confirm 


the effectiveness of DCS in an animal model that 
also involves loss of nigrostriatal dopaminergic con- 
nections. Chronic dopaminergic denervation of the 
striatum was achieved using bilateral 6-OHDA le- 
sions in rats (n = 4), resulting in progressive dete- 
rioration of motor function and sustained weight 
loss, both cardinal signs of successful lesioning 
(20, 21). When placed in the open field, lesioned 
rats displayed reduced locomotion compared with 
controls (1 = 4), which received vehicle injections 
in identical sites in the striatum (mean + SEM = 
2.85 + 0.068 and 7.78 + 0.144 mm/s on average, 
respectively). Quantification of immunohistochem- 
ical staining of the dopamine-synthesizing en- 
zyme tyrosine hydroxylase indicated that lesioned 
rats had only ~20% of the immune signal found 
in sham-lesioned animals (fig. S8). 

Rats were tested during two 1-hour sessions in 
the open field, the first hour without stimulation 
and the second with DCS applied for 30 s every 
tenth minute. In the lesioned group, DCS resulted 
in remarkably increased amounts of locomotion 
compared to the first hour, whereas sham animals 
actually moved less during DCS sessions than 
during non-DCS sessions (Fig. 4C). Hence, there 
were specific improvements of motor function in 
the Parkinsonian state compared with controls. In 
lesioned rats, DCS not only alleviated hypoki- 
nesia during stimulation but also caused an in- 
crease in locomotion after the stimulation period. 
This residual effect lasted ~100 s (Fig. 4B). 

The effect of DCS on bradykinesia in 6- 
OHDA-lesioned rats was also evaluated. Le- 
sioned animals showed a relative increase in the 
number of scored locomotion events for all move- 
ment speeds, but this effect was more pronounced 
for faster movements, indicating a specific effect 
on bradykinetic symptoms in addition to the 
general improvement in the overall amount of 
locomotion (Fig. 4D). 

Discussion. We demonstrated that stimulation 
of the dorsal column pathways using epidural 
implanted bipolar electrodes—a simple, easy-to- 
perform, semi-invasive method—can restore loco- 
motive capability in two animal models of PD 
symptoms: acutely dopamine-depleted mice and 
rats with dopaminergic neuronal loss. In parallel 
with the behavioral improvements, DCS shifted 
activity patterns in the primary motor cortex and in 
the dorsolateral striatum into a state closely re- 
sembling that found before and during sponta- 
neous initiation of locomotion in normal and 
depleted animals. This suggests that DCS helps 
motor-related brain areas shift into a state per- 
missive of the initiation of movements. 

What could be the mechanisms through which 
DCS allows a shift into a locomotion-permissive 
state? The first possible explanation could be that 
DCS, in addition to stimulating specific somatosen- 
sory pathways, may also recruit brainstem arousal 
systems, leading to sufficient cortical and striatal 
desynchronization required for voluntary initiation 
of movements (8). Such a possibility can be raised 
when the phenomenon of paradoxical kinesia is 
considered, that is, rare events in which PD pa- 
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tients, aroused by frightening situations, exhibit 
sudden and transient improvement in motor 
function (22, 23). Here, the increase by a factor 
of 4.9 in locomotion produced by DCS in control 
animals, albeit much less than that observed in 
dopamine-depleted animals, could in theory sup- 
port such an arousal hypothesis. Yet, a variety of 
observations suggest that this may not be the 
main mechanism accounting for DCS-induced 
locomotion. First, neither air puffs alone nor stim- 
ulation of trigeminal nerve afferents, both potent 
somatosensory arousal stimuli, induced locomo- 
tion in either control or dopamine-depleted ani- 
mals. Secondly, in control experiments carried out 
in both awake and lightly anesthetized animals, 
DCS produced only a minimal arousal response 
when compared with other tactile, proprioceptive, 
and nociceptive stimuli (fig. S9, A and B). This 
is in line with a previous study that demonstrated 
that dorsal column recruitment produces no signif- 
icant arousal effect (24). Overall, these data suggest 
that DCS may increase locomotion behavior pri- 
marily through direct modulation of lemniscal/ 
thalamic pathways. However, more experiments 
will be required to settle this issue. 

Our electrophysiological data suggest possible 
mechanisms for the success of DCS in restoration 
of locomotion, based on existing theories of basal 
ganglia pathology in PD and specifically consid- 
ering the circuitry known to be involved in initiating 
voluntary locomotion (25). The command to the 
spinal cord to initiate locomotion, via reticulospinal 
pathways, is issued by the diencephalic and mesen- 
cephalic locomotor regions. For these midbrain 
structures to become active and trigger locomotion, 
they must be relieved from the tonic inhibition ex- 
erted by the output nuclei of the basal ganglia. This 
is accomplished by activation of striatal medium 
spiny neurons projecting to the output nuclei of the 
basal ganglia (26, 27). Under normal circumstances, 
the cortex has a powerful excitatory influence on 
the striatum. In contrast, with reduced striatal do- 
pamine levels, the activation threshold of the 
projection neurons from the striatum is significantly 
increased (25), making it less likely that cortical 
input to the striatum will be conveyed through this 
pathway. As a consequence, brainstem motor re- 
gions remain under tonic inhibition, and the initia- 
tion of goal-directed locomotion and other types of 
volitional motor activity become impaired. DCS 
may exert its effect by activating large cortical 
areas, increasing the cortical and thalamic input to 
the striatum. This may, in turn, promote the depo- 
larization and, consequently, facilitate the activation 
of striatal projection neurons. Another consequence 
of the reduced cortical control of striatum at low 
dopamine levels is that both thalamic and internally 
driven striatal low-frequency oscillations become 
more prominent (28, 29). These oscillations may 
lead to increased synchronicity because the gen- 
eration of action potentials tends to occur at 
more distinct phases of the LFP oscillation (73, 30). 
This was confirmed in our experiments in which 
both motor cortex and striatum showed excessive 
low-frequency synchronized oscillatory activity 
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in dopamine-depleted animals and an increased 
entrainment of spikes to low-frequency compo- 
nents of the LFPs. Such synchronous activity in- 
terferes with normal information processing in 
these circuits and should likely be considered 
pathogenic in PD (/2). Our data show that DCS 
effectively abolishes aberrant synchronous low- 
frequency oscillations. It is, therefore, tempting to 
speculate that the suppression of low-frequency 
oscillations is particularly important for ameliora- 
tion of motor symptoms in PD (3/). 

Finally, the combined effect of L-dopa and 
DCS allowed for recovery of motor function at 
significantly lower doses of L-dopa in severely 
dopamine-depleted animals. The considerably less 
invasive nature of the epidural DCS electrode 
compared with DBS electrodes suggests that DCS 
could be a complement for treatment of symptoms 
of PD in earlier stages of the disease. We therefore 
propose that DCS should be investigated further in 
extensive experiments employing primate models 
of PD, preferably over longer time periods, to eval- 
uate the potential viability of this new procedure as 
a treatment for Parkinsonian patients. 
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Alfven Waves in the 
Lower Solar Atmosphere 


David B. Jess,”’2* Mihalis Mathioudakis,? Robert Erdélyi,? Philip J. Crockett,* 


Francis P. Keenan,” Damian J. Christian* 


The flow of energy through the solar atmosphere and the heating of the Sun’s outer regions are 
still not understood. Here, we report the detection of oscillatory phenomena associated with a large 
bright-point group that is 430,000 square kilometers in area and located near the solar disk 
center. Wavelet analysis reveals full-width half-maximum oscillations with periodicities ranging 
from 126 to 700 seconds originating above the bright point and significance levels exceeding 
99%. These oscillations, 2.6 kilometers per second in amplitude, are coupled with chromospheric 
line-of-sight Doppler velocities with an average blue shift of 23 kilometers per second. A lack 

of cospatial intensity oscillations and transversal displacements rules out the presence of 
magneto-acoustic wave modes. The oscillations are a signature of Alfvén waves produced by a 
torsional twist of +22 degrees. A phase shift of 180 degrees across the diameter of the bright point 
suggests that these torsional Alfvén oscillations are induced globally throughout the entire 
brightening. The energy flux associated with this wave mode is sufficient to heat the solar corona. 


olar observations from both ground-based 
and spaceborne facilities show that a wide 
range of magneto-acoustic waves (/, 2) prop- 
agate throughout the solar atmosphere. However, 
the energy they carry to the outer solar atmosphere 
is not sufficient to heat it (3). Alfvén waves (pure 
magnetic waves), which are incompressible and 
can penetrate through the stratified solar atmosphere 
without being reflected (4), are the most promising 


wave mechanism to explain the heating of the 
Sun’s outer regions. 

However, it has been suggested that their pre- 
vious detection in the solar corona (5) and upper 
chromosphere (6) is inconsistent with magneto- 
hydrodynamic (MHD) wave theory (7, 8). These 
observations are best interpreted as a guided-kink 
magneto-acoustic mode, whereby the observa- 
tional signatures are usually swaying, transversal, 


periodic motions of the magnetic flux tubes 
(7, 9). Numerical simulations (/0) show that sub- 
surface acoustic drivers and fast magneto-sonic 
kink waves (//, /2) can convert energy into up- 
wardly propagating Alfvén waves, which are 
emitted from the solar surface. These numerical 
simulations are also in agreement with current 
analytical studies. In particular, it has been shown 
that footpoint motions in an axially symmetric 
system can excite torsional Alfvén waves (/3). 
Other Alfvén wave modes may exist, although 
these are normally coupled to magneto-sonic MHD 
waves (/4). In the solar atmosphere, magnetic 
field lines clump into tight bundles, forming flux 
tubes. Alfvén waves in flux tubes could manifest 
as torsional oscillations (7) that create simulta- 
neous blue and red shifts, leading to the non- 
thermal broadening of any isolated line profile, 
and should thus be observed as full-width half- 
maximum (FWHM) oscillations (75). A promis- 
ing location for the detection of Alfvén waves is 
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in the lower solar atmosphere, where they can be 
generated by the overshooting of convective mo- 
tions in the photosphere (/6). Here, we report the 
detection of substantially blue-shifted plasma and 
FWHM oscillations originating in a large con- 
glomeration of magnetic bright points. 

We used the Swedish Solar Telescope (SST) to 
image a 68-by-68—are sec region on the solar sur- 
face positioned near the disk center. Using the Solar 
Optical Universal Polarimeter (SOUP) (/7) and 
high-order adaptive optics (18), we obtained narrow- 
band images across the Ha absorption profile cen- 
tered at 6562.8 A. We observed with a cadence of 
0.03 s to obtain 89 min of uninterrupted data. Be- 
cause SOUP is tunable, we sampled the complete 
Ha line profile using seven discrete steps. The wave- 
length intervals we chose became increasingly nat- 
row toward the line core in order to enable an 


Fig. 1. Simultaneous 
images in the (left) Ho 
continuum (photosphere) 
and (right) Ho: core (chro- 
mosphere) obtained with 
the SST. The conglom- 
eration of bright points 
within the region we in- 
vestigated is denoted by 
a square of dashed lines. 
The scale is in helio- 
centric coordinates where 
1 arc sec = 725 km. 


Y (arcsecs) 


Fig. 2. A wavelength-versus-time plot of the Ha 
profile showing the variation of line width at 
FWHM as a function of time. The arrows indicate 
the positions of maximum amplitude of a 420-s 
periodicity associated with the bright-point 
group located at (—10 arc sec, 10 arc sec) in 
Fig. 1. The torsional motion of the Alfvénic 
perturbations creates nonthermal broadening 
that is visible in the Ha line profile. The peak- 
to-peak velocity is ~3.0 km s_* (~65 mA). For 
an inclination angle of 35°, the absolute velocity 
amplitude is ~2.6 km s~*. 
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accurate determination of the line characteristics, 
such as Doppler velocities, FWHMs, and inten- 
sities. Our images have a sampling of 0.068 arc sec 
per pixel, which corresponds to ~110-km resolution 
(two pixels) on the solar surface. 

By using the multi-object multi-frame blind de- 
convolution (MOMFBD) (/9) image restoration 
technique to remove the small-scale atmospheric 
distortions present in the data, we achieved an ef- 
fective cadence of 63 s for a full line profile. We 
acquired 85 complete scans across the Ha line pro- 
file in addition to 595 simultaneous continuum im- 
ages. For each of the 85 profile scans, every pixel 
of the 1024-by-1024-pixel” charge-coupled device 
contains information acquired at a particular wave- 
length position. Therefore, we obtained a total of 
8.9 x 107 individual Ho absorption profiles, cov- 
ering the full 68-by-68—are sec field of view, dur- 
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ing the 89-min duration of the data set. We fit a 
Gaussian distribution to each of the observed Ha 
profiles to obtain values for the integrated inten- 
sity and FWHM. To determine the line-of-sight 
velocity, we compared each measured central wave- 
length position with the rest-frame Ha profile core 
at 6562.8 A. We created time series for intensity, 
line-of-sight velocity, FWHM, and wavelength- 
integrated data cubes and used fast Fourier trans- 
form and wavelet routines to analyze them. 

The SST field of view shows a range of features, 
including pores, exploding granules, and a multitude 
of bright points (Fig. 1), a large conglomeration of 
which is located at heliocentric coordinates (—10 are 
sec, 10 arc sec) or NO7E01 in the solar north-south— 
east-west coordinate system. We selected a 10-by- 
10-are sec box surrounding the bright-point group 
(BPG), which occupies an area of 430,000 km’, for 
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further investigation. The line-of-sight Doppler ve- 
locities associated with this BPG show blue shifts 
with an average value of 23 km s ‘. There is no 
evidence of periodic trends in either intensity or line- 
of-sight velocity; the intensity of the BPG is constant, 
with minimal variation during its 53-min lifetime. 
Wavelet analysis shows that FWHM oscilla- 
tions with significance levels exceeding 99% occur 
within the spatially averaged BPG (Fig. 2). We 
detected FWHM oscillations as low as the Nyquist 
period (126 s) throughout the duration of the data 
set, with the strongest detected power originating in 
the 400-to-500-s interval. These oscillations are lo- 
cated directly above the large BPG, encompassing a 


Fig. 3. Expanding mag- 
netic flux tube sandwiched 
between photospheric and 
chromospheric intensity 
images obtained with the 
SST, undergoing a torsion- 
al Alfvénic perturbation 
and generating a wave 
that propagates longitu- 
dinally in the vertical di- 
rection. At a given position 
along the flux tube, the 
Alfvénic displacements are 
torsional oscillations that 
remain perpendicular to 
the direction of propaga- 
tion and magnetic field 
outlining constant mag- 
netic surfaces. The largest 
FWHM will be produced 
when the torsional veloc- 
ity is at its maximum (at 


1000 km 


near-circular shape that is cospatial with the de- 
tected Doppler velocities, and are apparent in all 
FWHM time series. This shows that powerful co- 
herent periodicities are present throughout the 
surface of the BPG. We detected oscillations until 
the BPG fragmented into a series of smaller bright 
points after 3150 s. 

Numerical simulations based on three- 
dimensional magnetoconvection show that the 
bright points that were observed in the wing of 
the Ha line profile correspond to magnetic field 
concentrations measured in kilogauss in the pho- 
tosphere (20). The canopy structure seen in the Ha 
core images reveals a wealth of flux-tube structures, 
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Fig. 4. Average phase difference of FWHM oscillations plotted as a function of distance across the diameter 
of the bright point. The triangles denote the locations where a measurement is made, and the error bars 
indicate the phase variance in the temporal domain. The phase at 0 km is used as a reference, with all other 
phases plotted relative to this value. Spatial coherence of FWHM oscillations across the BPG ranges between 
90 and 100%, suggesting that the BPG is acting as a coherent waveguide. The phase difference increases 
around the midpoint of the BPG with opposite sides of the waveguide, indicating out-of-phase oscillatory 
phenomena, which is as predicted for a torsional Alfvénic perturbation. 


with many securing anchor positions in the photo- 
sphere directly above the BPG (Fig. 1). The coinci- 
dence of bright-point structures with high magnetic 
field concentrations implies that MHD waves are 
likely to be present (2/7). However, the chromo- 
spheric brightening is of much larger physical size 
than the underlying photospheric BPG. Because the 
observations were made very close to the center of 
the solar disk, an increase in physical size between 
the photosphere and the chromosphere can be inter- 
preted as an expansion of the photospheric flux- 
tube bundle as a function of atmospheric height 
(22). A comparison of the maximum diameter of 
the bright point at each height in the atmosphere 
suggests an expansion of ~1300 km; a height sepa- 
ration of ~1000 km and a symmetric expansion 
around the bright-point center suggest a flux-tube 
expansion angle of ~33°. Additionally, an offset of 
~700 km between the centres of the BPG at photo- 
spheric and chromospheric heights suggests a mag- 
netic flux-tube tilt angle of 35° from the vertical. 

Alfvénic fluxes are predicted to be at their 
strongest in the regime of high magnetic field 
strength and moderately inclined waveguides (/0). 
Because of their incompressibility, they exhibit no 
periodic intensity perturbations. Thus, the observa- 
tional signature of a torsional Alfvén wave propagat- 
ing with a velocity component along the observer’s 
line of sight will arise from its torsional velocities 
on small spatial scales (8). These torsional veloci- 
ties are responsible for the FWHM oscillations we 
observed (Fig. 3). The line-of-sight velocity ampli- 
tude of =1.5 km s' and the inclination angle of 
=35° indicate an absolute Alfvénic perturbation 
amplitude of ~2.6 km s '. Because the circumfer- 
ence of the photospheric bright point [where 
torsional Alfvén waves are believed to be generated 
(16)] is on the order of 2800 km (55 pixels), a 
torsional twist of +22° is sufficient to generate the 
observed wave motion. 

The moderate inclination angle of the flux tubes, 
coupled with the detection of substantially blue- 
shifted material and strong FWHM oscillations, is 
evidence of the presence of torsional Alfvén waves. 
For a typical photospheric internal waveguide elec- 
tron density (23) of n<' ~ 10'° cm? and a magnetic 
field strength (20) of 1000 G, the Alfvén speed 
within a cylindrical flux tube is estimated (/4) to be 
=22 kms |. This value is above the speed of sound 
in the upper photosphere/lower chromosphere 
(24) and is consistent with the blue-shift velocity 
we determined. 

We took a slice through the center of the bright 
point and analyzed the stability of opposite edges 
of the BPG as a function of time. This was per- 
formed by examining any displacements of the 
BPG from its initial position at the start of the ob- 
serving sequence (fig. S1). The bright point moves 
less than one pixel during the first 3150 s. As the 
BPG begins to fragment after 3150 s, the motions 
of the bright-point edges increase substantially. 
However, we did not find periodic motions of the 
bright point, particularly during the initial 3150 s 
when the FWHM oscillations were detected. A 
magneto-acoustic wave mode would produce ob- 
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servable periodicities in intensity, similar to those 
caused by the periodic contractions when viewed 
along the flux tube, that are associated with sausage- 
mode waves (25). A sausage-mode wave is caused 
by the axially symmetric expansion and contraction 
of magnetic flux tubes (74). Kink-mode oscillations 
are generated through a bulk motion, whereby the 
whole flux tube is displaced from its original po- 
sition in a periodic fashion. Therefore, magneto- 
acoustic waves cannot explain our observations. 

A torsional Alfvénic perturbation should pro- 
duce a FWHM oscillation that is 180° out of phase 
at opposite boundaries of the waveguide (8). 
The relative time-averaged oscillatory phase as a 
function of distance across the ~2200-km diam- 
eter of the bright point shows that opposite sides of 
the bright point display oscillatory phenomena 
that are indeed 180° out of phase (Fig. 4). This 
is consistent with current torsional Alfvénic wave 
models (26). 

We estimated the energy flux of the observed 
waves using E = pv va, where p is the mass density 
of the flux-tube, v is the observed velocity ampli- 
tude, and va is the Alfvén speed (6). For a mass 
density of p ~ 1 x 10° kg m°, derived from a 
quiet-Sun chromospheric model (23), the energy 
flux in the chromosphere is E ~ 15000 W m*. At 
any one time, it is estimated (27) that at least 1.6% 
of the solar surface is covered by BPGs similar to 
that presented here. Thus, combining the energy 
carried by similar BPGs over the entire solar sur- 
face produces a global average of 240 W m ~. 
Alfvén waves with an energy flux of =100 W m~ 
are believed to be vigorous enough to heat the lo- 
calized corona or to launch the solar wind when 
their energy is thermalized (6, 28). Therefore, a trans- 


mission coefficient of 42% through the thin tran- 
sition region will provide sufficient energy to heat 
the entire corona. Regions containing highly mag- 
netic structures, such as bright points, should pos- 
sess even higher mass densities (29). In this regime, 
the energy flux available to heat the corona will 
be substantially higher than the minimum value 
required to sustain localized heating. 
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The Disorder-Free Non-BCS 
Superconductor Cs3Cg) Emerges from an 
Antiferromagnetic Insulator Parent State 


Yasuhiro Takabayashi,?* Alexey Y. Ganin,2* Peter Jeglié,? Denis Aréon,?* 
Takumi Takano,” Yoshihiro Iwasa,> Yasuo Ohishi,® Masaki Takata,°’” 
Nao Takeshita,® Kosmas Prassides,*+ Matthew J. Rosseinsky7t 


The body-centered cubic A15-structured cesium fulleride Cs3Cg9 is not superconducting at 
ambient pressure and is free from disorder, unlike the well-studied face-centered cubic A3C¢o alkali 
metal fulleride superconductors. We found that in Cs3Cg9, where the molecular valences are 
precisely assigned, the superconducting state at 38 kelvin emerges directly from a localized 
electron antiferromagnetic insulating state with the application of pressure. This transition 
maintains the threefold degeneracy of the active orbitals in both competing electronic states; 

it is thus a purely electronic transition to a superconducting state, with a dependence of the 
transition temperature on pressure-induced changes of anion packing density that is not 
explicable by Bardeen-Cooper-Schrieffer (BCS) theory. 


uperconductivity requires an attractive in- 
teraction between electrons to form Cooper 
pairs, which form a condensate that can 
move without electrical resistance. In simple 
metals and alloys, the Bardeen-Cooper-Schrieffer 


(BCS) theory explains how electron-phonon cou- 
pling overcomes the repulsion between negatively 
charged electrons (/). In high-temperature super- 
conductors, such as the copper oxides and iron 
oxyarsenides, the origin of the attraction is less 


clear. Beyond the theoretical challenges, the exper- 
iments are complicated by imperfections within 
the materials, such as structural disorder, low sym- 
metry and dimensionality, and variations in chem- 
ical valence at the electronically active sites. Here 
we show that in the cubic alkali metal fulleride 
Cs3Ceo, which is completely ordered and for 
which precise valences can be assigned, the 38 K 
superconducting state (2) emerges directly from a 
localized electron antiferromagnetic insulating (AFI) 
state with the application of pressure as the anion 
packing density increases. This transition maintains 
the threefold degeneracy of the active orbitals in 
both competing electronic states, and is thus a pure- 
ly electronic transition to a superconducting state. 
The transition temperature 7. depends on the anion 
packing density in a way that is not explicable 
within a simple BCS approach. 

In systems where the bands in which the 
electrons move are narrow, there are electron- 
electron correlation energies associated with inter- 
electron repulsion, which are comparable to the 
electronic bandwidth. These electron correlation 
effects (3) need to be taken into account in under- 
standing the mechanisms for formation of the 
Cooper pairs (4). These concepts have been de- 
veloped primarily in d-electron—based systems 
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such as the cuprates and iron oxyarsenides, where 
doping, with the associated structural disorder 
and distribution of metal charge states and d- 
electron counts within the material, is required to 
produce superconductivity by suppressing mag- 
netically ordered states. In addition, recent theo- 
retical work (5, 6) indicates that the competition 
between correlation and delocalization energies 
is critically controlled by the degeneracy of the 
orbitals (7) carrying the active electrons, but this 
cannot be investigated in d-electron—based super- 
conductors because their low-symmetry crystal 
structures remove the degeneracy. 

An ideal material for understanding the inter- 
actions producing superconductivity in such struc- 
turally and chemically complex correlated electron 
systems would allow the isolation of the influence 
of purely electronic factors without the compli- 
cations of disorder, structural transitions, and low 
dimensionality, while maintaining the site sym- 
metry required for orbital degeneracy in all the 
potentially competing electronic ground states. 
The threefold degeneracy of the t,,, lowest un- 
occupied molecular orbital (LUMO) of the Ceo 
molecule is maintained in the superconduct- 
ing face-centered cubic (fcc) A3C¢o alkali metal 
fullerides (8), which have electronic structures 
arising from weak overlap of the s/p-derived 
frontier orbitals of molecular anions. However, 
the properties of this family—in particular, the 
monotonic increase of the superconducting 7, to 
33 K (9) with interfullerene separation—can be 
well explained by BCS-like theories where T, is 
controlled by the increase in density of states at 
the Fermi level, ME), with expansion; an anoma- 
lous decrease of 7, at high interfullerene separations 
is only observed in heavily disordered fec systems 
superconducting at ambient pressure (/0). There is 
thus no definitive experimental evidence for a non- 
BCS origin for superconductivity, where correla- 
tion or orbital degeneracy would play a role, as no 
usefully comparable competing insulating state 
from which superconductivity emerges has been 
identified. 

All of the fec A3C¢o fullerides are super- 
conducting at ambient pressure, but the recently 
isolated (2) Cs3C6o (//, 12), which adopts the so- 
called A15 structure based on body-centered cubic 
(bec) packing of the C¢o° anions (Fig. 1A), is 
not. Cs3C¢o is the most expanded binary A3C¢o 
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system yet reported (2) and thus offers the op- 
portunity to identify the electronic ground state 
that competes with superconductivity in the orbit- 
ally degenerate cubic fullerides. We used magnetiza- 
tion, optical reflectivity, muon spin relaxation (uSR), 
and '°C and '*Cs nuclear magnetic resonance 
(NMR) measurements, coupled with ultrahigh- 
resolution synchrotron x-ray diffraction under 
variable pressure and temperature, to identify the 
ambient-pressure nonsuperconducting electronic 
ground state of bec-based Cs3Cgo and investigate 
how it transforms into the superconducting state 
with the application of pressure. 

High-resolution diffraction data (2) show that 
the cubic symmetry of A15 Cs3Cgo, and thus the 
point symmetry producing the t,, orbital degen- 
eracy, is maintained to the lowest temperatures at 
ambient pressure, so we undertook magnetization 
measurements to reveal the electronic ground state 
in competition with superconductivity. The tem- 
perature dependence of the paramagnetic suscep- 
tibility x [also measured via the high-field slope 


iw) Magnetic susceptibility, , (emu/mol x10°3) ro) 
S ; 


Magnetization, M (emu Oe/mol) 
wo 


of field-dependent magnetization, M(H) isotherms] 
of a representative A15-rich Cs3C¢o sample (/3) 
{which also contains the body-centered ortho- 
rhombic (bco) Cs3...C¢o and the fec Cs3C¢9 poly- 
morphs (2)] is shown in Fig. 1C. These data reveal 
a well-defined cusp in y(7) at 46 K; at higher 
temperatures, the susceptibility obeys the Curie- 
Weiss law with a negative Weiss temperature, 
consistent with antiferromagnetic correlations. 
Field-cooled (FC) measurements in low ap- 
plied fields (Fig. 1D) reveal a sharp increase in 
the magnetization M(7) at 46 K, exactly the same 
temperature at which the cusp in the susceptibility, 
x(T), occurs. The spontaneous magnetic moment 
approaches a value of 5.5 emu Oe mol ’ at 2 K, 
corresponding to a very small moment per Cgo of 
~0.001 Bohr magneton (tug). These data suggest 
a transition to an antiferromagnetically ordered 
state below the Néel temperature Ty = 46 K, with 
a small spin canting between the two magnetic 
sublattices giving rise to weak ferromagnetism. 
Systematic FC magnetization measurements on a 
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Fig. 1. (A) Crystal structure of A15 Cs3Cgq (space group Pm3n) based on bcc anion packing with 
orientationally ordered Co? anions. Cs cations are shown in red. (B) Intermolecular hexagon-hexagon- 
facing Cego* —Cgo> nearest-neighbor contacts viewed along the molecule center—molecule center direc- 
tions for the A15 structure. Note the absence of a center of inversion in the contact region that leads to a 
small misalignment of the neighboring hexagonal faces (C2-C62-C63 angle = 86°, C2-C63-C64 angle = 
96°). (C) Temperature dependence of the magnetic susceptibility, y, of Cs;Cg9 at ambient pressure. Green 
open circles show x(7) as obtained from the difference of the values measured at applied fields of 5 and 
3 T in order to remove the influence of adventitious ferromagnetic impurities. Red solid circles show (7) 
as extracted from the high-field slope of M(H) isotherms in the field range 0 to 5 T. Between 150 and 
300 K, x(7) follows the Curie-Weiss law, yielding an effective moment Le = 1.32 + 0.01 LUg/Ceo 
(consistent with 5 = ¥ in the majority Cgo> phase and diamagnetism from the bco impurity) with a Weiss 
temperature © =—68 + 1 K. (D) Temperature dependence of the magnetization, M, of Cs3C¢q measured in 
an applied field of 100 Oe (red circles, ZFC protocol; blue circles, FC protocol). Ty is defined as the 


temperature at which M begins to increase. 
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series of Cs3Ceo samples further reveal that the 
spontaneous magnetic moment scales with the 
fraction of the A1l5 phase present in the mea- 
sured samples (fig. S1) (3). In addition, pure 
bco Cs3+.Cgo samples show no magnetic tran- 
sitions (fig. S1), and both the cusp in y(7) and 
the sharp increase in M(7) at 46 K are completely 
lost when the air-sensitive materials are exposed 
to air, ruling out adventitious contamination by 
metal oxide or metal particles as the origin of 
the magnetic transitions observed. Therefore, we 
attribute the antiferromagnetic response to the 
A15 Cs3C¢o polymorph. 

An even more definitive association of this 
magnetic behavior in the bulk sample with the 
A15 Cs3Ceo phase that produces supercon- 
ductivity upon application of pressure requires 
the use of a local probe to isolate the behavior of 
the A15 phase. The 'C and '*°Cs nuclei in NMR 
studies are suitable probes because they allow 
direct identification of the component phases 
via their chemical shifts and site symmetries. 


In particular, the '*3Cs NMR resonance, when 
recorded with the solid echo pulse sequence, 
is suppressed for the two high-symmetry (8c) 
(4,%,%4) and (4b) (4,%,%) Cs sites in the fec 
structure, as they have no electric field gradient 
(/4). This approach isolates the resonance from 
the Cs cations in the lower-symmetry (6c) (’/,,0) 
sites within the A15 structure, which allow quad- 
rupolar interactions to be present. [See (/3) for 
details of the NMR measurements; a key point 
is that the cation sites in the bco phase also have 
lower than axial symmetry, which suppresses 
their signal amplitudes in these experiments by 
lineshape broadening.] The temperature depen- 
dence of the '*3Cs NMR spectra of the A15 
Cs3C¢o polymorph reveals substantial line broad- 
ening below 46 K (Fig. 2A), which demonstrates 
that the M(T) and y(7) features observed by mag- 
netometry measurements indeed arise from anti- 
ferromagnetic ordering in this bcec-based phase. 
The lineshape broadening and the associated in- 
crease in the Cs NMR second moment M> 
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(Fig. 2B) arise from the onset of large dipolar 
fields of the Cgq> anions at the '°Cs sites in the 
antiferromagnetic phase. If we define M, = M$ + 
M5—where M3 is the second moment associated 
with the nearly temperature-independent quad- 
rupole interaction (,/M$ ~ 30 kHz) and M$ is 
the electron-nuclear dipolar broadening—the di- 
polar coupling between the antiferromagnetically 
ordered moments of the Cg9> anions and the Cs 
cations (\/M§ ~ 50 kHz) then allows an estimate 
of the ordered moment as ~1 [1g per anion (/3). 
The lineshape change and broadening of the '°C 
spectra at the same temperature (fig. S2) (73) 
also confirm this interpretation. The '°C spin- 
lattice relaxation time 7, (Fig. 2C) is temperature- 
independent over the range 100 to 400 K, in 
contrast to the behavior of fec A3C¢o metallic 
fullerides, in which 7), follows the Korringa rela- 
tion (15, 16). 

We conclude that the A15 Cs3Cgo phase is an 
insulator at ambient pressure, as also confirmed 
by infrared reflectivity data (Fig. 2D). Below 
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Fig. 2. (A) Temperature evolution of the 722Cs NMR spectra of Cs3Cgq through the 
antiferromagnetic transition at Ty = 46 K. The characteristic powdered quadrupole 
pt lineshape (which can be simulated with an axially symmetric Cs site and is thus 
incompatible with those in the bco phase; the solid-echo pulse sequence used 
suppresses the signal for the fcc phase) at high temperatures (e.g., 250 K, blue 


spectra) changes to a very broad featureless lineshape below 7y (e.g., 14 K, red spectra). (B) Temperature dependence of the square root of the second moment, 
./Mz, of the 3Cs NMR spectra, which reveals line broadening at Ty. (C) Temperature dependence of the °C spin lattice relaxation rate, 1/T,. The dashed line 
marks the average temperature-independent value of 1/7, = 18.5 + 0.5 s* at high temperatures (7, = 54 + 2 ms). (D) Optical conductivity spectra for the 
trivalent cubic fullerides K3Cg9, Rb3Cgo, and Cs3C¢o, calculated from the reflectivity spectra at room temperature. In contrast to the Drude-type spectra 
characteristic of the metallic state of the ambient-pressure superconductors K3Cgg and Rb3C¢9 (28), Cs3Cgq displays conductivity that decreases with photon 
energy, providing direct evidence for the insulating state. (E) Temperature evolution of G,,(t), the ZF .* spin relaxation function of Cs3Cgo. At temperatures higher 
than 46 K, the 1.*SR spectra are characteristic of the presence of weak static nuclear dipole moments together with an additional slow relaxation arising 
from fluctuating electronic moments. Below the 46 K freezing temperature, the *SR spectra are dominated by a short-lived heavily damped oscillating 
signal whose depolarization gradually increases with decreasing temperature. (F) Temperature dependence of the ZF muon spin precession frequency, v,., 
and of the local field at the muon site, (B,,). The line through the data points is a guide to the eye. All data shown were recorded at ambient pressure. 
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~100 K, 1/7, suddenly begins to decrease and 
shows nearly activated behavior, implying the 
opening of a spin gap at temperatures well above 
Tx. The onset of antiferromagnetic long-range 
order is also confirmed by complementary zero- 
field muon spin relaxation (ZF-u SR) measure- 
ments. A heavily damped spontaneous muon 
precession present below 46 K (Fig. 2E) demon- 


strates coherent ordering of the Céo° electronic 
moments. The quasi-static nature of the local mag- 
netic field is confirmed by the complete recovery 
of the asymmetry in a longitudinal field of 250 
Oe (fig. S3) (13). The u* Larmor frequency Vu is 
0.624 + 0.002 MHz at 5 K and corresponds to a 
static internal field at the muon site, (B,,) = 46.0 + 
0.2 G (Fig. 2F); v,, is comparable to the value of 


0.64 + 0.01 MHz observed for the (NH3)K3C¢60 
antiferromagnet (/7), which has a magnetic mo- 
ment of ~1 Up/Ceo. Thus, all of these experi- 
mental results indicate the presence of S = 
moments localized on the fulleride anions in the 
insulating A15 Cs3C¢o phase at ambient pressure 
and ordering to form the AFI phase at 46 K, 
thereby demonstrating the key role played by 
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Fig. 3. (A) Pressure dependence of the unit cell volume of the A15 Cs3Cgo phase at 
14.6 K (circles, increasing P; squares, decreasing P). The line through the data points 
is a guide to the eye. The volume compressibility, x = 0.054 + 0.005 GPa~“, was 
extracted by a linear fit in the pressure range 1 bar to 7 kbar (1 kbar = 0.1 GPa). (B) 
Temperature dependence of the magnetization, M (measured in a 20 Oe field) in 
A15 Cs3Cgq under FC protocol at selected pressures across the antiferromagnetic 
insulator-metal/superconductor boundary. Blue, red, and pink circles denote data 
obtained at applied pressures of 0.5, 3.2, and 3.6 kbar, respectively. The inset shows 
the temperature dependence of the 20 Oe FC (solid circles) and ZFC (open circles) 
magnetization M at 3.2 kbar, revealing the coexistence of the AFI (as signaled by the 
increased M, FC) and superconducting (as signaled by the diamagnetic response, 
ZFC) states at this pressure and over the pressure range 2.6 to 4 kbar. (C) Expanded 


view of the temperature dependence of the magnetization M (ZFC protocol, 10 Oe) near the onset of the transition to the superconducting state 7. at 
selected pressures in the range 11.7 to 24.3 kbar. T. is defined as the temperature at which M begins to decrease; Ty is defined as the temperature at 


which M begins to increase. 
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Fig. 4. Electronic phase diagram of A15 Cs3C¢o showing the evolution of the 
Néel temperature Ty (squares) and the superconducting transition temperature 
T. (circles), and thus the isosymmetric transition from the ambient-pressure AFI 
state to the high-pressure superconducting state, (A) with change in pressure and 
(B) as a function of volume occupied per fulleride anion, V, at 14.6 K for A15 
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Cs3Cgq. Different symbol colors represent data obtained for different sample 
batches. Open symbols represent data in the AFl-superconductor coexistence 
regime. Ty is defined as the temperature at which the 20 Oe FC temperature- 
dependent magnetization M begins to increase; 7. is defined as the temperature 
at which the 20 Oe ZFC temperature-dependent M begins to decrease. 
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electron correlation in the fulleride superconductor 
systems. 

High-resolution synchrotron x-ray powder dif- 
fraction at 14.6 K shows that the application of 
hydrostatic pressure to the cubic-localized elec- 
tron S = % Cgo> AFI with the bec-derived A15 
structure (space group Pm3n) produces no struc- 
tural change over the range | bar to 25 kbar (fig. 
S4) (73). The effect of increased pressure is thus 
solely to decrease the interfullerene contact dis- 
tances isotropically (Fig. 3A), thereby increasing 
the overlap between t),, orbitals on neighboring 
Cop anions and thus the bandwidth W, which 
favors electron delocalization. Initially, at pres- 
sures P < 3.6 kbar, the AFI state is retained with 
Ty (signaled by the onset of weak ferromag- 
netism measured in the FC magnetization), in- 
creasing with pressure to a maximum of 49.5 K 
(Fig. 3B). This is consistent with the t,, electrons 
remaining localized with enhanced exchange 
coupling caused by the closer intermolecular 
contacts. 

However, in the pressure range 2.6 to 4 kbar, 
concurrent zero field—cooled (ZFC) magnetization 
measurements reveal that the antiferromagnetic 
state coexists in the sample with superconductivity, 
consistent with a first-order transition from the 
AFI state to superconductivity without intervening 
electronic states (Fig. 3B, inset). Superconductivity 
(with a broad diamagnetic response at the trace 
level of ~0.1%) is initially observed to coexist 
with the AFI state at 29 K at 2.6 kbar; 7, in- 
creases rapidly to 35 K at 3.6 kbar with an as- 
sociated increase in shielding fraction (to ~1%). 
The fraction of the AFI phase decreases in this 
coexistence regime, as evidenced by the decrease 
in the FC spontaneous magnetization with in- 
creasing P (Fig. 3B). At 4.2 kbar, the signal of the 
AFI state in the magnetization is suppressed. 
However, the superconducting 7, continues to 
increase with P to a broad maximum of 38 K near 
~7 kbar (2). Upon further pressure increase, the 
trend is reversed (Fig. 3C) and 7, now decreases 
monotonically with increasing P to the highest 
pressure of the present experiments, 24.3 kbar 
(Fig. 4A). 7. is insensitive to cooling rate, con- 
sistent with the absence of orientational disorder 
in the A15 Cs3Cgo superconductor that was ap- 
parent from the structural analysis. 

These experimental data demonstrate the lo- 
calized electron AFI state that is the decisive 
signature of the importance of correlation in the 
superconducting A3C¢o fullerides. Observation 
of this state is essential in understanding the non- 
BCS behavior of the superconducting state that 
emerges directly from the AFI state with applica- 
tion of pressure. The observation of localized 
electron magnetism indicates that in cubic A15 
Cs3C¢o at ambient pressure, the electrons occu- 
pying the degenerate t,,, orbitals lie on the in- 
sulating side of the Mott-Hubbard transition, 
because the electron correlations quantified by 
the Hubbard U (the on-site interelectron repul- 
sion) overcome the kinetic energy favoring elec- 
tron delocalization quantified by the bandwidth 


W. Density functional theory (DFT) calculations 
show that despite the reduced anion packing 
density, the value of W in A15 Cs3Cgo is com- 
parable to that in metallic fec K3C¢9 because of 
the more favorable intermolecular contact geom- 
etry (Fig. 1B) (78). The value of U is greater than 
that of W in all the fcc A3C¢o phases, but the 
metallic state is stabilized over the insulator by 
two key factors. One of these, the threefold fron- 
tier orbital degeneracy of the high-symmetry Co 
anion [which enhances intermolecular hopping 
relative to the singly degenerate case (/9)], is 
retained in the case of AFI A15 Cs3C¢o9 because 
cubic symmetry is observed under all conditions 
corresponding to the measurements reported 
here. The absence of the second key feature of 
the fec materials, geometrical lattice frustration 
(79), in the bec-based A15 Cs3Cgpo results in the 
observation of the localized electron AFI state, an 
electronic ground state not accessible in the fec 
A3C¢o family; A15 Cs3C¢o has the point and lattice 
symmetry to allow the electronic state directly 
competing with superconductivity in fullerides to 
be identified. 

The “low-spin” S' = state shows the dom- 
inant energy for the (t,,)° electrons localized on 
the Cgo* anion by U; the vibronic Jahn-Teller 
coupling overcomes the intramolecular Hund’s 
rule electron repulsion to stabilize one of the 
three t,, orbitals, which is preferentially occu- 
pied by two electrons. The observed cubic metric 
symmetry of the AFI state shows that this Jahn- 
Teller distortion producing the S = 4 state must 
be dynamic, with the molecular distortion axis 
fluctuating among the three possible directions, 
and demonstrates that the long-range structure 
does not suppress the orbital degeneracy. The 
antiferromagnetic exchange (20) between neigh- 
boring Céo° anions is produced by dynamic 
orbital order (2/) with locally favored ferrodis- 
tortive intersite arrangement of distortion axes 
(22). The weak ferromagnetic component seen 
at low field may then arise either from an anti- 
ferrodistortive contribution to the local dynami- 
cal coupling of Jahn-Teller distortion axes (which 
will give ferromagnetic exchange) or from the 
Dzyaloshinskii-Moriya coupling arising from 
the absence of an inversion center (Fig. 1B) on 
the direct exchange pathway (23) between neigh- 
boring anions in the Pm3n space group of the 
A15 phase. 

The AFI state is suppressed in favor of the 
superconducting state purely by the application 
of pressure without any complicating influence 
of disorder or change in crystal structure, and thus 
with the preservation oft), orbital degeneracy. This 
symmetry retention is crucial to the stabilization 
of the metallic and superconducting state with 
increasing P; at the same volume per Ceo? anion 
(24, 25) found at ~13 and 10.5 kbar for super- 
conducting A15 Cs3Cgo, orthorhombic (NH3)K3Cgo 
and (CH3NH>)K3C¢0, respectively, are antiferro- 
magnetic insulators (17, 26, 27) because the lower 
point symmetry in these noncubic materials lifts 
the t;,, degeneracy and allows U to localize the 
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electrons. The orbitally degenerate cubic super- 
conducting phase, formed by the suppression of 
the AFI state upon application of pressure and 
initially coexisting with it, has a 7, that initially 
increases with decreasing interfullerene separa- 
tion to a maximum of 38 K (Fig. 4B). This is the 
clear signature of non-BCS behavior in the super- 
conducting state emerging directly from the AFI 
state as the bare density of states in A15 Cs3C¢o 
smoothly decreases with increasing P across this 
region, according to DFT calculations (/8) based 
on the experimentally determined structures; this 
same effect would drive a decrease in 7, in the 
BCS-related models where ME) controls 7, ex- 
ponentially. This experimental behavior is in stark 
contrast to the fec A3Cgo systems, where the de- 
crease of 7. with increasing pressure is driven by 
the accompanying decrease of M(E,) as the inter- 
anion orbital overlap increases, and has its origin 
in the dominance of correlations in the parent 
AFI state. 

The high symmetry of the C¢o building unit 
imposes a robust cubic three-dimensional struc- 
ture on A15 Cs3C¢o free of positional, chemical, 
or orientational disorder, with a fixed charge state 
in which magnetism is transformed into super- 
conductivity solely by changing an electronic pa- 
rameter: the extent of overlap between the outer 
wave functions of the constituent anions. The 
pressure-induced transition in A15 Cs3C¢o from 
a localized electron AFI state to a superconduct- 
ing state with two distinct dependences of 7. on 
packing density is purely electronic in nature, 
driven by increased overlap between the Coo 
anions and the associated enhanced tendency to 
delocalize the t,, electrons. The unconventional 
nature of the superconducting state that emerges 
from the AFI state can be associated with its 
proximity to the metal-insulator transition where 
conventional Fermi liquid theories are not ex- 
pected to be valid, and quasi-localized effects 
produced by electronic correlation enhancing the 
role of intramolecular Jahn-Teller (electron-phonon) 
and Hund’s rule (electron-electron) coupling are 
directly controlled by the persistent orbital degen- 
eracy in both the insulating and superconducting 
states, clearly traceable to the molecular origin of 
the electron states. The observed maximum in 
the dependence of 7, on P is consistent with 
modern theoretical treatments (5—7) that explic- 
itly take into account the orbital degeneracy and 
the repulsion between the electrons as well as 
the classical electron-phonon coupling. These ef- 
fects are not seen in the conventional fec A3C¢o 
systems, which are too far from the metal-insulator 
transition for differences from the conventional 
BCS predictions of the dependence of 7. on M(Eg) 
to become apparent. A15 Cs3C¢o is an ideal ma- 
terial for understanding the interactions producing 
superconductivity in structurally and chemical- 
ly complex correlated electron systems such as 
the cuprates and oxyarsenides, as it allows the 
isolation of the influence of only electronic fac- 
tors (including orbital degeneracy) without any 
other complications. 
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Omnidirectional Printing 
of Flexible, Stretchable, and 
Spanning Silver Microelectrodes 
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Flexible, stretchable, and spanning microelectrodes that carry signals from one circuit 
element to another are needed for many emerging forms of electronic and optoelectronic 
devices. We have patterned silver microelectrodes by omnidirectional printing of concentrated 
nanoparticle inks in both uniform and high—aspect ratio motifs with minimum widths of 
approximately 2 micrometers onto semiconductor, plastic, and glass substrates. The patterned 
microelectrodes can withstand repeated bending and stretching to large levels of strain with 
minimal degradation of their electrical properties. With this approach, wire bonding to fragile 
three-dimensional devices and spanning interconnects for solar cell and light-emitting diode 


arrays are demonstrated. 


native to conventional technologies by en- 

abling the creation of large-area, flexible 
devices at low cost (/). Although there are op- 
tions available for electronic materials—including 
conducting polymers (2, 3), inorganic semicon- 
ductors (4, 5) and carbon nanotubes (6, 7}—the 
ability to print low-resistance electrodes with 
fine resolution in high—aspect ratio layouts, and 
possibly spanning three dimensions, is a tech- 
nologically important goal. Many applications, 
including solar cell metallization (8), flexible 
displays (9), radio frequency identification tags 
(0), and antennas (//), would benefit from this 
capability. Conventional approaches, such as 
screen-printing (/2) and inkjet printing (/3), 


P= electronics offer an attractive alter- 
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produce low—aspect ratio features that must be 
supported by the underlying substrate or device, 
making it impossible to pattern spanning ele- 
ments in- or out-of-plane. 

Direct ink writing offers an attractive alter- 
native for meeting the demanding design rules 
and form factors required for metallic electrodes 
in printed electronic and optoelectronic devices. 


< Air 
ringe 
Ink 


In this filamentary printing approach, a concen- 
trated ink is extruded through a tapered cylindri- 
cal nozzle that is translated using a three-axis, 
motion-controlled stage with nanoscale precision 
(Fig. 1A) (/4). Yet, several limitations remain 
to be overcome. To date, the minimum feature 
size obtained with the use of nanoparticle inks is 
100 um (/5). In addition, the inks had to be de- 
posited in a non-wetting oil reservoir to avoid 
nozzle clogging. Finally, ink deposition has been 
confined solely to the xy plane, such that three- 
dimensional (3D) structures are assembled in a 
layerwise sequence. We report the omnidirectional 
printing of flexible, stretchable, and spanning 
microelectrodes using concentrated silver nano- 
particle inks that readily flow through micro- 
nozzles in air. 

Metallic nanoparticles are typically synthe- 
sized in solution by the reduction of metal 
precursors in the presence of surface capping 
agents (6-19). Through a multistep approach 
(fig. S1), we prepared highly concentrated sil- 
ver nanoparticle inks using an aqueous system 
that contains silver nitrate as the silver precur- 
sor, poly(acrylic acid) (PAA) as the capping 
agent, and diethanolamine as the reducing agent 
(20, 21). The components are first mixed under 
ambient conditions to create a population of very 
fine (~S-nm) silver nanoparticles. This particle 
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Fig. 1. (A) Schematic diagram illustrating omnidirectional printing and optical image of apparatus 
used (inset). (B) Transmission electron microscopy image of the synthesized silver nanoparticles and 
optical image of the concentrated ink (inset). (C) Shear elastic modulus as a function of shear stress for 


silver nanoparticle inks of varying solids loading. 
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population is ripened by heating the solution 
to 60°C (Fig. 1B). Ethanol, a poor solvent for 
the PAA-coated nanoparticles, is added to in- 
duce rapid particle coagulation. Next, the ink is 
centrifuged to achieve the desired solids load- 
ing [>70 weight percent (wt %) silver nano- 
particles], as shown in the inset of Fig. 1B. 
Finally, ethylene glycol is added as a humectant, 
which allows the ink to be patterned in air with- 
out clogging. 

We have synthesized a broad range of silver 
nanoparticle inks and found that those with a 
solids loading between 70 and 85 wt %, a mean 
particle size of 20 + 5 nm, and a particle size 
distribution between 5 and 50 nm exhibited both 
optimal flow behavior through fine deposition 
nozzles (1 to 30 um) and low resistivity at mod- 
est annealing temperatures (=200°C). Figure 1C 
shows the elastic modulus (G’) as a function 
of shear stress for silver nanoparticle inks of 
varying solids loading. In the linear viscoelastic 
region, G’ rises nearly three orders of magni- 
tude as the nanoparticle content increases from 
60 to 75 wt %. A minimum G’ of 2000 Pa is 
required to produce spanning features, which 
occurs at a silver nanoparticle concentration of 
~70 wt %. These highly concentrated inks can 


A 


be stored under ambient conditions for weeks 
without any noticeable change in printing be- 
havior (fig. S2). 

To demonstrate the printing technique, we 
have patterned planar microelectrode arrays 
onto a silicon wafer by depositing silver nano- 
particle ink (71—wt % solids) through 1-, 5-, and 
10-um cylindrical nozzles (Fig. 2A). Printed fea- 
tures with aspect ratios (h/w, where h is height 
and w is width) of ~0.7 are obtained in a single- 
pass, and a minimum width of ~2 um is achieved 
with the use of a 1-um nozzle. In addition, high— 
aspect ratio features are patterned in a layerwise 
manner, and their width and height are defined 
solely by the nozzle diameter and number of 
printed layers, respectively (Fig. 2, B and C). 

The microstructural evolution of the printed 
silver microelectrodes as a function of annealing 
temperature is shown in Fig. 2D. As the temper- 
ature increases from 150° to 550°C, the micro- 
electrodes undergo simultaneous loss of organics, 
grain growth, and densification. Thermogravi- 
metic analysis reveals that the organic species are 
removed by ~400°C (fig. S1), whereas scanning 
electron microscopy (SEM) shows that their av- 
erage grain size increases from ~180 nm at 150°C 
to 3 um at 550°C, as a total volumetric shrinkage of 
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Fig. 2. (A) SEM images of planar arrays of silver microelectrodes patterned with 1- (left), 5- (center), and 
10-uum (right) nozzles. (B) SEM images of multilayer silver microelectrodes patterned with 5- (top left), 10- 
(bottom left), and 30-11m (right) nozzles. (C) Aspect ratio as a function of number of printed layers for the 
silver microelectrodes shown in Fig. 2B. (D) SEM images of silver microelectrodes patterned with a 15-um 
nozzle as a function of annealing temperature. (E) Electrical resistivity of silver microelectrodes as a function 
of annealing temperature and time. Error bars indicate the SD measured from three electrodes. 
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~30% occurs. Concomitantly, their electrical resis- 
tivity, p, decreases sharply over this temperature 
range (Fig. 2E). Upon annealing at 250°C for 
short times (<30 min), the patterned microelec- 
trodes exhibit an electrical resistivity of 5.2 x 10° 
ohm-cm, approaching the value of bulk silver (10 ° 
ohm-cm). In contrast, microelectrodes annealed at 
150°C require several hours (=25 hours) to reach 
p ~ 10% ohm-cm, a value comparable to that ob- 
served for doped poly(3,4-ethylenedioxythiopene)/ 
poly(styrenesulfonate), a widely used organic 
conductor (22, 23). 

To demonstrate the flexibility of the printed 
features, we patterned a series of interdigitated 
microelectrode arrays on a polyimide substrate. 
Figure 3A shows optical and SEM images of 
the printed silver microelectrodes after annealing 
at 200°C for 3 hours, followed by wrapping the 
patterned substrate around a scintillation vial with 
a bending radius of 14 mm. Solid contact pads (1 
by 1 mm) connected to linear electrode features 
are formed with a 30-1m nozzle, to which inter- 
digitated features are patterned with a 5-um 
nozzle (Fig. 3A, top right). These elaborate struc- 
tures require the initiation and cessation of ink 
flow multiple times during the printing process 
(Fig. 3A, bottom right). 

To investigate the effects of mechanical bending 
on electrical performance, we used a custom-built 
mechanical stage coupled to a micropositioner to 
carry out bend tests (fig. S3A). For this experi- 
ment, a linear array of 10 silver microelectrodes 
(w = 23 wm, h = 12 um, and length / = 1 cm) 
spaced 0.5 mm apart are printed on a 25-um- 
thick polyimide sheet and annealed at 200°C for 
3 hours in air before mechanical testing. Their 
electrical resistivity is measured as a function of 
bending radius from +11 mm to +5 mm, and the 
reported p values are averaged from 10 electrodes. 
In the first bend cycle, p is found to be 6.23 + 
4.40 x 1074, 2.11+0.91 x 10+, and 2.00 + 1.11 x 
10 * ohm-cm in tension (convex), unstrained (flat), 
and compression (concave), respectively (Fig. 3B). 
An approximately twofold change in electrical 
resistivity is observed after 1000 bend cycles at 
the smallest radius of +5 mm (Fig. 3C), where 
(P1000 — Po)/Po is 2.17, 1.66, and 1.67 for the tensile, 
unstrained, and compressive states, respectively, 
and Po is the initial value measured in the un- 
strained state. The microelectrodes exhibited ro- 
bust response for at least 750 bending cycles. 

Ultrathin (~20 nm) metal films deposited 
onto prestrained, stretchable substrates can form 
wavy buckles and arches upon relaxation of 
the substrate (24). These configurations are even 
observed in brittle semiconductor materials, such 
as silicon, because of the differences in mechan- 
ical behavior between ultrathin and bulk ma- 
terials (25). The built-in slack enables mechanical 
stretching while preserving the desired electronic 
properties. Stretchable, wavy, and arched archi- 
tectures can also be created out of nonbrittle ma- 
terials that are not ultrathin, particularly for ductile 
metals. Figure 3D shows stretchable silver arches 
formed by printing a spanning silver microelec- 
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trode onto a prestrained spring (inset) that is then 
released to form the desired arches. The specimens 
are annealed at varying temperatures, and a sili- 
cone adhesive is subsequently printed onto the 
spring at the microelectrode contact points to 
ensure good adhesion and accurate resistivity 
measurements. The electrical resistivity of the 


silver microelectrode arches annealed at differ- 
ent temperatures is plotted as a function of strain 
[(Z — LoV/Lo * 100%] in Fig. 3E. The maximum 
strain increases with increasing annealing tem- 
perature from 8% at 200°C to 25% at 550°C, 
as the microelectrodes transform to a bulklike 
ductility. Straining these microelectrodes up to 200 
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Fig. 3. (A) Optical and SEM images of silver microelectrodes patterned on a polyimide substrate with a 
bend radius of 14 mm. (B) Electrical resistivity of the silver microelectrodes as a function of bend radius 
under tension (T), unstrained (U), and compression (C). (C) Electrical resistivity of the silver microelectrodes 
as a function of bend cycle at a bend radius of +5 mm. (D) Optical image of stretchable silver arches printed 
onto a spring. (E) Electrical resistivity of the stretchable silver microelectrode arches as a function of strain 
and annealing temperature. (F) Electrical resistivity of the stretchable silver microelectrode arches as a 
function of strain cycle. Error bars indicate the SD measured from 10 electrodes. 
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Fig. 4. (A) Optical image obtained during wire bonding onto a thin (2-1m) silicon spherical shell using a 
10-11m nozzle. (B) Optical image of a spanning silver microelectrode printed onto an unplanarized, silicon solar 
microcell array. (C) Current (/)—-voltage (V) response of an individual silicon solar microcell and a 14-microcell 
array connected by silver microelectrodes. (D) Optical image acquired during patterning of silver interconnects 
on a gallium arsenide—based, 4-by-4 LED chip array. (E) A silver interconnect arch printed over an electrode 
junction (top left) and on a gold contact pad (80 by 80 1m) (top right) and an optical image of light emission 
from a single LED pixel in the y = 2, x = 3 position within the array under an applied voltage (bottom). 


cycles does not result in fatigue-induced failure at 
the contact points (Fig. 3F). 

We have provided a few examples of conduc- 
tive features that can be patterned across unsup- 
ported regions in three dimensions. It is possible 
to vertically print microelectrodes with arbitrary 
height and angle (fig. S4). Figure 4A shows 
wire bonding of silver microelectrodes onto 
the surface of a thin silicon spherical shell as- 
sembled by lithographically patterning, releas- 
ing, and folding a 2-um silicon layer in the 
desired 3D form (fig. S5). Unlike conventional 
techniques (26), our approach allows fine silver 
microwires (~10 um) to be bonded with min- 
imal contact pressure on both flat and curved 
surfaces, which is highly advantageous for del- 
icate devices. 

When combined with other processes (for in- 
stance, photolithography and transfer printing), 
our ink writing technique enables the heteroge- 
neous integration of dissimilar materials (8, 27). 
To further highlight this capability, we have pat- 
terned interconnects for both solar microcell and 
light-emitting diode (LED) arrays. As a first ex- 
ample, we patterned silver microelectrodes (w = 
15 um, 4 = 13 wm) onto a silicon solar microcell 
(w = 45 um, h = 26 wm, and / = 2 mm) array, in 
which each photovoltaic element is separated by 
a 33-1m gap (fig S6). Figure 4B shows that the 
silver microelectrodes span the unsupported re- 
gions between each solar microcell without de- 
formation. We also find that these inks can span 
unsupported gaps that are extraordinarily wide, up 
to 1.0 cm across (fig. S7). The current (/)—voltage 
(V) response from an individual silicon solar mi- 
crocell and 14 interconnected microcells under a 
simulated air mass 1.5 illumination condition of 
1000 W-m? is shown in Fig. 4C. Because of their 
fine lateral dimensions, these conductive tracks 
can be spaced closely together, thereby blocking 
less incoming light and allowing more current to 
be drawn from each solar cell (28). 

As a final demonstration, we exploited omni- 
directional printing to create interconnects for the 
gallium arsenide-based LED array (4-by-4 pixels, 
where each pixel is 500 by 500 by 2.5 um and 
spaced 200 um apart) shown in Fig. 4D. The 
ability to print out-of-plane enables the micro- 
electrodes to directly cross pre-existing patterned 
features through the formation of spanning arches 
(Fig. 4E, top left). Typically, insulating layers or 
bypass electrode arrays are required in conven- 
tional layouts. Figure 4E (top right) shows silver 
micro-arches printed on a gold pad (80 by 80 ttm) 
on a LED pixel. Figure 4E (bottom) displays the 
LED array, emitting uniform red light under an 
applied bias of 6 V from a single pixel, after an- 
nealing at 200°C for 3 hours. The utility of this 
approach is further established by printing span- 
ning arches onto commercially available gallium 
nitride LED chips (fig. S8). 

In summary, we have demonstrated the omni- 
directional printing of flexible, stretchable, and 
spanning microelectrodes with the use of tailored 
silver nanoparticle inks. By carefully controlling 
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the silver nanoparticle concentration, size, and 
distribution, we have produced inks with high 
solids loading (=70 wt %) that are ideally suited 
for direct-write assembly. We have shown that 
self-supporting microelectrodes in either planar 
or 3D forms of arbitrary complexity can be pat- 
terned on a wide variety of substrates. Using 
this technique, we have further demonstrated the 
feasibility of wire bonding to fragile devices and 
patterning complex interconnects for solar cell 
and LED arrays. 
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A Meta-Selective Copper-Catalyzed 


C-H Bond Arylation 


Robert J. Phipps and Matthew J. Gaunt* 


For over a century, chemical transformations of benzene derivatives have been guided by the 
high selectivity for electrophilic attack at the ortho/para positions in electron-rich substrates and 
at the meta position in electron-deficient molecules. We have developed a copper-catalyzed 
arylation reaction that, in contrast, selectively substitutes phenyl electrophiles at the aromatic 
carbon—hydrogen sites meta to an amido substituent. This previously elusive class of 
transformation is applicable to a broad range of aromatic compounds. 


romatic organic compounds are ubiqui- 

tous in modern society as medicines and 

functionalized materials (/). These mol- 
ecules comprise cyclic aryl cores with an often 
complex array of substituents on the ring car- 
bons, which in many cases are most straight- 
forwardly appended by electrophilic substitution 
(2). Ever since the pioneering work of Friedel 
and Crafts (3), it has been widely established that 
electron-donating substituents direct incoming 
electrophiles to the ortho and para positions, 
whereas electron-withdrawing groups steer to the 
meta position (Fig. 1A). This fundamental 
reactivity pattern facilitates a predictable outcome 
in simple cases; however, a common problem 
encountered in synthesis is how to access the 
isomer that is not anticipated by these rules. 
Solutions to this problem often require numerous 
functional group additions or manipulations in 
order to tailor the directing electronic properties 
of the precursor to furnish the desired product. 
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Furthermore, in complex systems, where there 
may be more than one electronic or sterically 
active substituent, the competition between these 
directing groups may lead to mixtures of products. 
Although there have been some reports that 
indirectly address these problems (4—7), circum- 
venting the inherent ortho/para-selectivity of 
electron-rich aromatic systems to generate the 
meta product remains a largely elusive and unmet 
goal for chemical synthesis. 

A central theme of our research has been the 
development of methods to obviate reliance on 
complex functional group manipulations through 
direct metal-catalyzed C—H bond transformations 
(8, 9). A key aspect of this goal is the ability to 
control the site selectivity of these transforma- 
tions under mild conditions; a challenge that is 
further complicated by the ubiquitous nature of 
the C-H bond in organic molecules (/0-/5). 
The three mechanisms that usually rationalize 
the majority of selective metal-catalyzed C-H bond 
activation methods involve electrophilic aromatic 
substitution with electron-rich, z-nucleophilic arenes 
(16), concerted metalation-deprotonation with sim- 
ple and electron-deficient benzenes (/7—/9), and 
directed cyclometalation (20-26). These mecha- 


nistic pathways most commonly form the ortho- 
substitution product, and as a result there is a paucity 
of methods for metal-catalyzed C—H bond activa- 
tion at the meta position of a substituted benzene 
ring (27, 28). 

Here we describe the development of a re- 
activity concept for a metal-catalyzed aromatic 
C-H bond functionalization strategy that selec- 
tively generates the elusive meta isomer. The 
outcome is not predicted by the conventional 
rules associated with electronic factors, directing 
groups, or steric effects, and provides direct access 
to the meta isomer on highly versatile electron- 
rich aromatic structures. The process is simple, 
proceeds under mild conditions, uses inexpensive 
copper catalysts, and forms valuable products that 
would be difficult to synthesize by other methods 
(Fig. 1B). Furthermore, the reactivity and selec- 
tivity of this process should be compatible with 
other arene and C-H bond transformations and 
will streamline synthetic strategy for the assembly 
of medicines, natural products, and industrially 
relevant aromatic molecules. 

We previously identified a copper catalysis 
system, based on electrophilic metalation, that 
enables site-selective C—H bond arylation on the 
indole skeleton (Fig. 2A) (/0). We speculated 
that a Cu(I) catalyst is oxidized to a Cu(IID)-aryl 
intermediate (29), a highly electrophilic d*-configured 
metal species, that undergoes Friedel-Crafts—type 
metalation and arylation at the C3 position of the 
indole (Fig. 2B). We see C3 arylation when using 
our copper catalyst, whereas an almost identical 
process using Pd(II)-salts delivers the C2 isomer 
(30). Although the origin of this dichotomy re- 
mains unclear, it led us to speculate that use of 
our copper catalyst might enable us to reverse the 
established selectivity of other electrophilic Pd(II)- 
catalyzed transformations. For example, many Pd(II)- 
catalyzed reactions are ortho-selective and have 
been routinely developed by virtue of the coordinat- 
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Fig. 1. (A) Conventional reactivity trends in electrophilic aromatic substitution. (B) Meta-selective catalytic C-H bond arylation. EDG, electron-donating 


group; Me, methyl; Ac, acetyl. 


ing effect of directing groups (20-26). We reasoned 
that a highly electrophilic Cu(II))-aryl species could 
react through a different pathway with molecules 
such as acetanilides, potentially leading to a posi- 
tional isomer not observed in conventional aromatic 
substitution reactions (Fig. 2C). The acetanilides 
are an important class of aromatic molecule that 
already undergoes a plethora of transformations 
leading to ortho/para products (20). Furthermore, 
the acetamide group is a versatile motif that can be 
readily transformed into a range of other function- 
alities through conventional synthetic procedures. 

To test this hypothesis, we treated acetanilide 
1a with PhJOTf (the arylating agent; Ph, phenyl; 
Tf, triflate) in the presence of 10 mole % Cu(OTf)y 
(catalyst) in 1,2-dichloroethane solvent at 70°C 
(37). Arylation occurred at the meta position to 
afford 2a, albeit in low isolated yield (Table 1, 
entry 1); and in line with our blueprint, no 
products arising from monoarylation at the ortho 
or para position were observed (determined by 'H 
nuclear magnetic resonance analysis, <5%). Fur- 
thermore, no arylation was observed with com- 
pounds that do not possess an amide group (3/). 
The same exclusive meta-selectivity was ob- 
served with 2-methylacetanilide 1b, to form the 
meta product 2b, in improved 43% yield. These 
outcomes are in contrast to the similar Pd(II)- 
catalyzed C—H arylation of acetanilide that deliv- 
ered the ortho-substituted product (32). Only the 
elegant iridium-catalyzed C—H borylation, de- 
veloped independently by Smith-Maleczka and 
Hartwig-Miyuara-Ishityama, can achieve such selec- 
tivity in certain cases (27, 28). The C-H borylation 
reaction is mainly influenced by the steric effects 
on the aromatic molecule and leads to function- 
alization at a position that is not adjacent to any 
other group. In cases such as 1b, however, the 
borylation reaction would be expected to afford a 
mixture of meta and para isomers. 


Encouraged by these initial results, we next ad- 
dressed reaction optimization with 2-methylanilides 
as our model system. We found that changing 
the nature of the acyl group had a large effect on 
the yield of the reaction without compromising the 
meta-selectivity (Table 1, entries 2 to 6). The reac- 
tion works with carbamate and urea groups (Table 1, 
entries 3 and 4), although the conversions are 
only moderate. However, benzamides and piv- 
anilides (Table 1, entries 5 and 6) performed 
much better in the reaction, producing good 
yields of the desired biaryl products. In all cases, 
arylation is the result of reaction at the meta 
position to the amide, and no reaction occurs in 
the absence of the copper catalyst. 

Although we cannot be certain of the precise 
mechanism of the reaction at this stage, a possible 
rationalization could involve the highly electro- 
philic Cu(III)-aryl species activating the aromatic 
ring sufficiently to permit an anti-oxy-cupration 
of the carbonyl group of an acetamide across the 
2,3 positions on the arene ring (Fig. 2D, step 1). 
This dearomatizing transformation would place 
the Cu(III)-aryl species at the meta position, and 
rearomatizing deprotonation (step 2) followed by 
reductive elimination (step 3) would deliver the 
meta product (33). 

Having identified a suitable amide moiety, we 
explored the substrate scope (Fig. 3A). The 
copper-catalyzed meta-arylation displays broad 
substrate capacity and is tolerant of a range of 
substituents in all positions of the aromatic ring 
(34). For example, ortho-substituted pivanilides 
readily produce the 1,2,5-trisubstituted arene sys- 
tem, in which arylation has taken place in the meta 
position to the amido group regardless of the 
electronic properties of the ortho substituent [2f to 
2j (2f-j)]. Although electron-deficient substrates 
suffer from poorer reactivity, it is notable that even 
in the presence of a competing meta-directing sub- 


stituent (SO Me, 2k), we observed exclusive aryla- 
tion at the meta position to the amide group, in line 
with our hypothesis. When the pivanilide was sub- 
stituted in the meta position, the C—H arylation af- 
forded the 1,3,5 arene isomer, again with arylation 
taking place in the meta position to the nitrogen 
substituent (entries 21-p). Although the yields are 
a little lower than those of the corresponding ortho- 
substituted anilides, this is not the result of other 
isomeric products but of a slower reaction rate that 
leads to incomplete conversion of the starting ma- 
terial. Particularly noteworthy is the tolerance of 
halogen groups (2m and 20), which remain unaf- 
fected during the reaction; these examples dem- 
onstrate that the copper-catalyzed C-H arylation 
provides a complementary platform for further 
elaboration via conventional Pd(0)-catalyzed cross- 
coupling chemistry. The simple pivanilide system 
forms the meta-diarylation product (2q). The aryla- 
tion process can also be extended to systems bear- 
ing a para substituent, and the arylation takes place 
in the sterically most demanding position, consist- 
ent with our meta-directing hypothesis, to form 
1,3,4,5-tetrasubstituted anilides (2r). In these cases, 
the symmetrical diarylation predominates; how- 
ever, it is possible to access the 1,3,4-trisubstituted 
monoarylated system (2s) by controlling the stoi- 
chiometry of the reaction. 

More complex (tri- or tetrasubstituted) anilide 
starting materials are also compatible in this re- 
action, leading to highly functionalized products 
(2t-u) in reasonable to good yields. A hexa- 
substituted arene (2v) can be synthesized in moder- 
ate yield by this process, and versatile heterocyclic 
motifs such as the indoline system (2w) can be 
selectively arylated to form useful products that 
would be difficult to access by other methods. 
Moreover, the nature of the aryl coupling partner 
can be varied in the reaction, thereby extending the 
utility of this process. A range of steric, electronic, 
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Fig. 2. Design blueprint for meta-selective copper-catalyzed C-H bond arylation (A to D). Ar, general aryl group; Ph, phenyl; Tf, triflate; R, general hydrocarbon group. 


Table 1. Optimization studies for meta-selective Cu(II)-catalyzed C—-H bond arylation. DCE, 


4 Sutchloraethané. and functionally diverse aryl groups can be 


transferred via the unsymmetrical iodonium salts 


Reaction optimization (35) in good yields (Fig. 3B). In these cases, the 
R2 large size of the mesityl group precludes its transfer 
in the coupling step, facilitating the formation of a 

H A A. N Xo range of functionalized biaryl products (0, 30). 
R! 10 mol% Cu(OTf)s R! The meta-selectivity of this arylating trans- 
> formation can be controllably overridden in certain 
2 equiv. PhalOTf cases, providing further access to alternative iso- 
DCE, 70°C Ph meric products (Fig. 4). A 3-oxygenated pivanilide 
la os H, R? = Me) 2a-f derivative can be tuned through simple and 
1b (R'= Me, R* = Me) straightforward manipulation of the oxygen- 
7 3 ; protecting group to afford either the 1,3,5- or 
entry R R' product yield % 1,3,6-trisubstituted arene product. For example, a 
=a a moderately electron-withdrawing 3-OTs group 
1 H Me 2a 4 (Ts, tosylate) facilitates reaction in the meta po- 
2 Me Me 2b 43 sition to the amide motif, in line with our model, 
3 Me OMe 2c 45 to afford the 1,3,5-functionalization pattern (2x). 
However, if the more electron-donating 3-OMe 
4 Me NEte 2d 31 group is incorporated, then the arylation is steered 
5 Me Ph 2e 73 to the 6-position (ortho to the amido group and 
6 Me CMe3 of 79 para to the methoxy) to give 2y in good yield. 


This controllable switch in regioselectivity is 
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indicative of potential versatility in this arylation 
method. 

A broad range of substrates is compatible 
with this operationally simple and mild copper- 


catalyzed arylation process. The method is best 
suited to more electron-donating substitutents 
on the anilide ring, but still tolerates electron- 
withdrawing groups, producing the meta isomer 


with exquisite selectivity. In certain cases the 
meta-selectivity can be overridden by strongly 
electron-donating substituents that provide a fur- 
ther platform for exploring the reaction parameters. 


A Substrate scope 
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Fig. 3. Scope of anilide (A) and arylating (B) groups in the Cu(II)-catalyzed C—H bond arylation reaction; Mes, 2,4,6-trimethylphenyl; Et, ethyl. For 2s, 
two equivalents of pivanilide were used. 
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Fig. 4. Controlling the site selectivity of the C—H arylation reaction; Ts, tosylate. 
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We anticipate that this general copper-catalyzed 
meta-C—H bond functionalization reaction will 
provide direct access to the elusive positional 
isomers in aromatic chemistry and have a major 
impact on the way that complex molecules, phar- 
maceuticals, and functionalized materials are 
synthesized. 
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The Burgess Shale Anomalocaridid 
Hurdia and Its Significance for Early 
Euarthropod Evolution 


Allison C. Daley,?* Graham E. Budd,” Jean-Bernard Caron,” 


Gregory D. Edgecombe,? Desmond Collins? 


As the largest predators of the Cambrian seas, the anomalocaridids had an important impact 

in structuring the first complex marine animal communities, but many aspects of anomalocaridid 
morphology, diversity, ecology, and affinity remain unclear owing to a paucity of specimens. 
Here we describe the anomalocaridid Hurdia, based on several hundred specimens from the 
Burgess Shale in Canada. Hurdia possesses a general body architecture similar to those of 
Anomalocaris and Laggania, including the presence of exceptionally well-preserved gills, but 
differs from those anomalocaridids by possessing a prominent anterior carapace structure. 

These features amplify and clarify the diversity of known anomalocaridid morphology and 
provide insight into the origins of important arthropod features, such as the head shield and 


respiratory exites. 


ike other anomalocaridids (/), Hurdia has 

a complex history. The mouthparts (2), 

frontal appendages (3—5), body (6), and 
frontal carapaces (7, 8) were all first described 
in isolation as separate animals with disparate 
affinities, including medusoids, holothurians, 
and various arthropods (/). When research in 
the 1980s revealed that many of these taxa were 
in fact different parts of the same animal, two 
anomalocaridid genera were defined (9), and 
several specimens here identified as Hurdia 
were assigned to either Anomalocaris or Laggania. 


These genera possess stalked eyes, frontal append- 
ages, a circular toothed mouth structure, and a 
body bearing gills in association with lateral 
flaps. Later, Collins (10, //) informally recog- 
nized that a third undescribed anomalocaridid 
exhibits all these features, as well as a prominent 
anterior carapace composed of a triangular ele- 
ment, the Hurdia carapace (7), together with the 
purported phyllopod carapace Proboscicaris (8). 

Access to important new material at the Royal 
Ontario Museum and restudy of older collec- 
tions (/2) identified parts of the Hurdia animal 


scattered through at least eight Cambrian taxa. 
This realization clarifies the systematics and 
complex morphology of Burgess Shale anom- 
alocaridids, revealing that previous reconstruc- 
tions of Anomalocaris and Laggania have been 
partially misled by the inclusion of Hurdia ma- 
terial. For clarity, generic names previously ap- 
plied to anomalocaridid body parts are referred 
to as follows: “Hurdia’” (7) is referred to as the 
H-element, “Proboscicaris” (8) as the P-element 
(with both together as the frontal carapace), 
“Peytoia” (2) as the mouthpart, and “append- 
age F” (3-5) as frontal appendage. 

Systemic paleontology. Stem Euarthropoda, 
Class Dinocarida, Order Radiodonta, Genus Hurdia 
Walcott, 1912. Synonymy and taphonomy. See 
supporting online material (SOM) text. Type 
species. Hurdia victoria Walcott, 1912. Revised 
diagnosis. Anomalocaridid with body divided 
into two components of subequal length: ante- 
rior with a nonmineralized reticulated frontal 
carapace and posterior consisting of a trunk with 
seven to nine lightly cuticularized segments. The 
frontal carapace includes a triangular H-element 
attached dorsally and a pair of lateral P-elements. 


Department of Earth Sciences, Palaeobiology, Uppsala Uni- 
versity, Villavagen 16, Uppsala SE-752 36, Sweden. *Depart- 
ment of Natural History, Royal Ontario Museum, 100 Queen's 
Park, Toronto M5S 2C6, Canada. 3Department of Palaeontol- 
ogy, Natural History Museum, Cromwell Road, London SW7 
5BD, UK. 4437 Roncesvalles Avenue, Toronto M6R 3B9, 
Canada. 


*To whom correspondence should be addressed. E-mail: 
allison.daley@geo.uu.se 


www.sciencemag.org SCIENCE VOL 323 20 MARCH 2009 


1597 


i REPORTS 


1598 


Posterior to the frontal carapace is a pair of dor- 
solateral oval eyes on short annulated stalks. The 
anteroventral mouthparts consist of an outer radial 
arrangement of 32 broadly elliptical plates (similar 
to Laggania and Anomalocaris) forming a domed 
structure, within which is found a maximum of 
five inner rows of teeth (lacking in Laggania and 
Anomalocaris). A pair of appendages is located on 
either side of the mouthparts, consisting of 9 or 11 
podomeres each, bearing short dorsal spines and 
long spiniferous ventral spines. The posterior half 
of the body consists of seven to nine reversely 
imbricated lateral flaps bearing a series of wide 
lanceolate gill-like blades. The body lacks a pos- 
terior tapering outline and tail fan (in contrast to 
Laggania and Anomalocaris), and the terminal 
body segment has two small lobe-shaped out- 
growths. Holotype of the type species. U.S. 
National Museum of Natural History (USNM) 
specimen no. 57718, Washington, DC, USA. 


Paratypes. USNM 274159 and counterpart in 
two pieces (274155 and 274158). Royal Ontario 
Museum (ROM) 59252, 49930, 59254, and 59255, 
Toronto, Canada. Other material. At least 732 
Hurdia specimens (/2) from the ROM; National 
Museum of Natural History (NMNH); Geological 
Survey of Canada (GSC), Ottawa; and Museum 
of Comparative Zoology (MCZ), Harvard Univer- 
sity (table S1). Horizons and localities. Middle 
Cambrian Burgess Shale Formation (/3) (Fossil 
Ridge, Mount Field, and Mount Stephen); Yoho 
National Park; and Middle Cambrian Stephen 
Shale Formation (Stanley Glacier), Kootenay 
National Park, British Columbia, Canada. 
Description. Specimens are up to 200 mm 
in length (table S2), with the frontal carapace 
making up approximately half of the total body 
length (Fig. 1). The P-elements (Fig. 2F) lie be- 
neath the lateral margins of the dorsal H-element 
(Fig. 2G) and were attached at their anteriorly 
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Fig. 1. H. victoria from the Burgess Shale, paratype specimens. (A) USNM 274159, dorsolateral specimen 
previously described as Emeraldella brocki (6) and Anomalocaris nathorsti (9). (B) Camera lucida 
drawing of USNM 274159. (C) ROM 59252, specimen is in dorsal view. (D) Camera lucida drawing of 
ROM 59252. Scale bars, 1 cm. ag, anterior gills; b, burrow; m, mouthparts; Ey, eye; F, frontal append- 
age; g, gill; H, H-element; |, left; L, lateral flap and associated gill; r, right; Re, reticulated structure; P, 


P-element; S, eye stalk; T, tail lobe; V, mineral vein. 


pointing narrow protrusions beneath the H- 
element’s rostral point (Fig. 3). H- and P-elements 
have a polygonal pattern (fig. S1D) formed by 
thin walls between outer cuticle layers (SOM 
text). Short annulated stalks bearing oval eyes 
protruded through posterior notches in the 
frontal carapace (Figs. 1, A and B, and 3). 

Mouthparts consist of a circlet of 32 plates, 
each bearing two or three small teeth, with four 
larger plates arranged perpendicularly and sep- 
arated by seven smaller plates (Fig. 2D and fig. 
S1, D and E). The outer margins of these plates 
curve downward, conferring a domed shape to 
the structure best seen in lateral view (fig. S1A). 
Within the square central opening are situated 
five imbricated rows of teeth bearing as many as 
11 sharp spines (Fig. 2D and fig. S2, D and E). 
All domed mouth parts with inner teeth belong 
to Hurdia (SOM text). 

The frontal appendages of Hurdia specimens 
consist either of 11 robust podomeres with one 
dorsal spine, three lateral spines, and five elongated 
ventral spines (Fig. 2B and fig. S2E), or they 
have nine thinner podomeres with single dorsal 
spines, no lateral spines, and seven elongated ven- 
tral spines (Fig. 2C and fig. S2C). Both append- 
age types are unquestionably associated with 
definite Hurdia elements, suggesting the existence 
of two morphs or species. 

The trunk of the Hurdia body consists of seven 
to nine poorly delimited segments of roughly equal 
width (Figs. 1 and 2). Each segment bore a pair of 
lateral flaps covered by smooth cuticle (Fig. 3), 
which were overlain by thin lanceolate structures 
arranged in series (Fig. 2E and fig. $2, C and H), 
interpreted to be gills. The lanceolate structures 
were attached to the anterior margins of the lateral 
flaps and were free-hanging posteriorly (fig. S2, C 
and H). Lateral flaps and gills are arranged in re- 
verse imbrication. Four pairs of smaller lanceolate 
structures surround the mouthparts and frontal ap- 
pendages (Figs. 1, A and B, and 3). 

Discussion. Hurdia is the most common 
anomalocaridid in at least the Walcott Quarry. 
It occurs in six Burgess Shale localities in the 
Canadian Rockies, representing six members and 
two formations (table $1), as well as in Utah (/4), 
Bohemia (/5), and possibly Nevada (/6) and 
China (/7), suggesting that Hurdia was a generalist 
adapted to a range of environmental conditions 
(78). Its cephalic carapace structure is unique in 
its composition and anterior position relative to 
the rest of the body. Such a complex anterior struc- 
ture finds no convincing analogs in any living or 
fossil arthropod. This position of the frontal cara- 
pace is probably original and not the product of 
postmortem displacement or moult configura- 
tions (SOM text). Like other anomalocaridids 
(9), Hurdia was likely an active nektobenthic ani- 
mal, probably a predator or scavenger. The less 
robust morphology of the frontal appendages of 
Hurdia suggests that it may have been exploit- 
ing different prey sources than Anomalocaris. 

Anomalocaridids have been variously re- 
garded as stem- (9, 20) or crown- (2/, 22) group 
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euarthropods, as a sister group to arthropods in 
the broad sense (23, 24), or within the cyclo- 
neuralian worms (25). The phylogenetic anal- 
ysis (12) we conducted places Hurdia as sister to 
a group composed of Anomalocaris and Laggania, 
with these three taxa forming a clade in the stem 
group of the euarthropods (Fig. 4). Although 
Anomalocaris and Laggania have similar trunk 
morphology and number of cephalic segments, the 
latter taxon also shares traits with Hurdia, notably 
similar frontal appendages, weakly sclerotized an- 
terior carapace elements, and the position of 
the stalked eyes directly posterior to the frontal 
carapace (9) (fig. S2, A and B). The frontal ap- 
pendage of Hurdia was previously assigned to 
Laggania (9) [appendage F of A. nathorsti (9)], 
and although Laggania’s frontal appendages are 
similar in general morphology to the more robust 
of the two Hurdia appendage types [compare 
figure 7.2 of (/) to Fig. 2B], inadequate preservation 
of Laggania specimens prevents a more detailed 
comparison. The phylogenetic analysis suggests 
that the frontal appendages and anterior carapaces 
of Hurdia and Laggania are plesiomorphic for 
the anomalocaridids, making Anomalocaris the 
most derived member of the clade, because it sec- 
ondarily lost or modified these structures. If the 
carapace is homologous with the euarthropod 
cephalic shield, this head covering may have orig- 
inated before the last common ancestor of the 
anomalocaridids and higher euarthropods. 

We regard the lanceolate structures reported 
here from Hurdia as being respiratory in function, 
based on their morphology and arrangement. 
They closely resemble and clarify the structure of 
those identified as present in Anomalocaris, Lag- 
gania (fig. S21), and in some (26, 27) but not all 
(28) interpretations of Opabinia (fig. S2G). In 
Hurdia, the insertion points of the gills (Fig. 2E 
and fig. S2, C and H) bear some resemblance to 
the “transverse rods” (9, 27) of Laggania (fig. $2, 
A and B, and D to F), with both having a regularly 
spaced, beaded morphology and darkening asso- 
ciated with sclerotization. If these structures are 
homologous, this adds evidence to the theory that 
the annuli of the transverse rods are the points of 
origin for the blades (27). The morphology of the 
gills of Hurdia reveals more clearly than before 
that presumed anomalocaridid respiratory struc- 
tures, like those of Opabinia (28), closely resemble 
the setae commonly associated with outer branches 
of Cambrian arthropod limbs (29). Both structures 
consist of a series of free-hanging filamentous 
gills attached to a supporting structure (the lat- 
eral lobe in anomalocaridids and the outer branch 
of Cambrian arthropod limbs). This homology 
is in accordance with the suggestion that such 
branches are homologous to respiratory exites 
of extant crustaceans and chelicerates, and not to 
the outer branch of the modern biramous limb 
(30). The modern biramous limb forms by divi- 
sion of the main limb axis (30), in contrast to the 
Cambrian limb, which may be formed by the fu- 
sion of a uniramous limb with a respiratory exite. 
The presence of the respiratory exite in Hurdia 
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showing lateral flaps. (B) ROM 59258, frontal appendage morph A. (C) ROM 59259, frontal appendage 
morph B. (D) ROM 59260, mouthpart with extra teeth rows. (E) ROM 59261, lanceolate gill blades 
showing attachment at one end (arrow). (F) ROM 59262, paired P-elements. (G) USNM 57718, holotype 
of H. victoria. Scale bars, 1 cm. Abbreviations are as in Fig. 1. B, Banffia; ex, extra teeth rows. 


Fig. 3. Reconstruction of H. victoria. [Drawing by M. Collins, 2008 © ROM/J. B. Caron] 
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Fig. 4. Cladistic analysis (12) of selected stem- and crown-group arthropods (SOM text, fig. $3, and 
table $3). This is a strict consensus of three trees found using branch and bound search under implied 
weights [concavity constant (k) = 2]. Tree length, 53.89; rescaled consistency index, 0.76. Jackknife 
supports are shown at the nodes when over 50%. 
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A Role for RNAi in the Selective 
Correction of DNA Methylation Defects 


Felipe Karam Teixeira,” Fabiana Heredia,’ Alexis Sarazin,” Francois Roudier, “ 
Martine Boccara,”? Constance Ciaudo,?* Corinne Cruaud,” Julie Poulain,> Maria Berdasco,° 
Mario F. Fraga,®* Olivier Voinnet,? Patrick Wincker,? Manel Esteller,® Vincent Colot??+ 


DNA methylation is essential for silencing transposable elements and some genes in higher 
eukaryotes, which suggests that this modification must be tightly controlled. However, accidental 
changes in DNA methylation can be transmitted through mitosis (as in cancer) or meiosis, leading 
to epiallelic variation. We demonstrated the existence of an efficient mechanism that protects 
against transgenerational loss of DNA methylation in Arabidopsis. Remethylation is specific to the 
subset of heavily methylated repeats that are targeted by the RNA interference (RNAi) machinery. 
This process does not spread into flanking regions, is usually progressive over several generations, 
and faithfully restores wild-type methylation over target sequences in an RNAi-dependent manner. 
Our findings suggest an important role for RNAi in protecting genomes against long-term 
epigenetic defects. 


ytosine methylation in plant genomes 
occurs predominantly at CG sites but 
also at CHG and CHH sites (where H 


is A, T, or C). Genetic analysis in Arabidopsis 
has uncovered an interplay between “mainte- 
nance” and “de novo” DNA methyltransferases 


(MTases), DNA demethylases, histone-modifying 
or remodeling enzymes, and RNA interference 
(RNAi) components (/, 2). Among many mu- 
tants identified, those in the MTase gene METI 
and the adenosine triphosphatase chromatin 
remodeler gene DDM/ lead to the most severe 
loss (+70%) of DNA methylation overall (3-6). 
This loss persists in F; plants obtained in crosses 
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with the wild type, despite met] and ddm/] mu- 
tations being recessive (3-6), as well as in sub- 
sequent generations, at least at the few loci that 
have been examined (2, 7). These and other find- 
ings have led to the prevalent view that in plants, 
DNA methylation cannot be restored once it has 
been severely compromised (2, 7, 8). However, 
given the stability of DNA methylation of repeat 
elements across generations (9), mechanisms must 
exist that protect plant genomes against the 
irremediable loss of DNA methylation. 


To address this issue, we examined the trans- 
generational stability of ddm1-induced hypometh- 
ylation of a large number (n = 56) of transposable 
elements and other repeats. Methylation was 
first investigated five generations after segre- 
gation of the ddm/ mutation [the DDM1/DDM1 
Fs lines were obtained through one backcross and 
three selfings (BC1 and S3)] (fig. S1 and table 
S1) by means of McrBC digestion and quantita- 
tive polymerase chain reaction (McrBC-QPCR) 
(10). Of 47 ddm1-hypomethylated sequences 
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examined in the repeat-rich 500-kb-long hetero- 
chromatic knob on chromosome 4, 21 remained 
hypomethylated in DDM1/DDM1 Fs lines that 
had inherited the knob region from the ddm/ 
parent (Fig. 1A and table $2). However, another 
22 sequences had wild-type (WT) methylation 
levels, and only four showed inconsistent meth- 
ylation between these lines. The interspersion 
of hypo- and WT methylation and the con- 
sistency of methylation patterns between lines 
(Fig. 1A and table S2) as well as in more 
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Fig. 2. Bisulfite se- 
quencing analysis of 
DNA methylation in WT, 
ddm1, and progeny 
lines. (A) The locations 
of At4g03650 (remethyl- 
atable) and At4g03826 
(nonremethylatable) are 
shown at the top. Vertical 
bars indicate the percent- 
age of methylation for 
each cytosine, and n is 
the number of clones 
sequenced. (B) Percent- 
age of CG, CHG, and 
CHH methylation present 
in ddm1 as compared 
with that in WT. The total 
number of sites analyzed 
is shown above each bar. 
Differences were statisti- 
cally significant for CHG 
and CHH sites (two-tailed 
t test, P < 0.01) but not 
for CG sites. 


Fig. 3. Involvement of 
RNAi in the distinction 
between remethylatable 
and nonremethylatable 
sequences. (A) sRNAs 
(blue, 20 to 21 nt; green, 
22 to 23 nt; red, 24 to 
25 nt; pink, other sizes) 
matching 700—base pair 
(bp) regions centered on 
two remethylatable (R) 
and two nonremethyl- 
atable (NR) knob se- 
quences, as probed by 
use of McrBC-QPCR and 
bisulfite sequencing (BS) 
(black bars). (B) Nor- 
malized density (10) of 
24-nt RNAs for 14 un- 
methylated (U), 24 non- 
remethylatable, and 27 
remethylatable sequences. 
Data for WT was derived 
from (17). (C) Frequency 
plot of 19- to 26-nt RNAs 
(minus miRNAs and 
tasiRNAs). (D) RT-PCR 
analysis of ARGONAUTE 
4 (AGO4), DCL2, DCL3, 
NRPD1A, NRPD1B, and 


RDR2 transcripts. Results are expressed as a percentage of expression relative 
to controls (20). (E) Average DNA methylation of two unmethylated, 15 nonremeth- 
ylatable, and 20 remethylatable sequences in different genetic backgrounds. (F) 
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Average percentage of methylation in ddm1 relative to WT for three remethyl- 
atable and four nonremethylatable sequences (figs. S5 and S6). Differential loss of 
CHH methylation in ddm1 is statistically significant (two-tailed t test, P < 0.01). 
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advanced generations (F¢ to Fo) (figs. S2 and 
S3) were all indicative of a robust and targeted 
remethylation process. This was further illus- 
trated by the fact that even when located close 
(<2.5 kb) to remethylated sequences, nonmeth- 
ylated controls remained unmethylated (Fig. 
1A and table S2). Remethylation was also ob- 
served for five of eight ddm1-hypomethylated 
sequences tested outside of the knob, indicat- 
ing that this process acts throughout the ge- 
nome (fig. $3). 

To determine when remethylation occurs and 
whether it might be parent-of-origin—specific, we 
performed reciprocal crosses between wild type 
and ddm1 plants. Irrespective of the direction of 
the cross, methylation levels were constant in 
the different F,; plants and were systematically 
intermediate between the wild type and ddm1/, 
whether “‘remethylatable” or “nonremethylatable” 
according to the initial analysis of Fs lines (Fig. 


Fig. 4. Involvement of 
RNAi in faithful remethyl- 
ation. DNA methylation 
was measured by means 
of McrBC-QPCR in F2 and 
F; progeny lines with a 
ddmi-derived knob re- 
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1B, fig. S4, and table S2). These results are in 
agreement with global measurements of cyto- 
sine methylation (//) and indicate that remethyla- 
tion does not occur detectably in the F, progeny 
of ddm1—wild type crosses. F; plants were selfed 
or reciprocally backcrossed with the wild type, 
and F, individuals of DDM1/DDM1 genotype 
were propagated for several generations. Eight 
of the 21 nonremethylatable sequences orig- 
inally identified (Fig. 1A) were tested, and none 
had regained DNA methylation in these new F 
to Fs lines (Fig. 1C and table S2). On the other 
hand, 12 of 15 remethylatable sequences had 
increased methylation by the F, and three by 
the F; (Fig. 1C and table $2). With three ex- 
ceptions, remethylation was progressive and 
reached WT levels after one to three additional 
generations (Fig. 1C and table S2). Remethylation 
efficiencies were similar in the progeny of recip- 
rocal backcrosses, ruling out overt parent-specific 


Functional RNAi 


effects. Furthermore, remethylation did occur 
when either one or both copies of the knob were 
derived from the ddm/ parent, indicating that 
this process differs from paramutation (/2) or 
meiotic transfer of methylation (/3), which in- 
volves a transfer of epigenetic information be- 
tween alleles. 

Many transposable elements are reactivated 
in ddmI (14, 15), and several nonremethylat- 
able and remethylatable sequences were of this 
kind. However, nonremethylatable elements re- 
mained active after the restoration of DDM1 
function, whereas remethylatable elements be- 
came resilenced (Fig. 1, D and E). This sug- 
gests an important function for remethylation 
in protecting the genome against the deleterious 
effects of transposable element activity. 

Three remethylatable and four nonremeth- 
ylatable sequences were then analyzed by means 
of sequencing of bisulfite-treated DNA (/0). These 
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two groups of sequences, which had compara- 
ble CG, CHG, and CHH compositions (fig. S7A), 
exhibited similar methylation in WT plants (Fig. 
2A and fig. S7B), which is consistent with McrBC- 
QPCR (Fig. 1, A to C, and table S2) and genome- 
wide bisulphite sequencing data (fig. S7C) (/6). 
In the DDM1/DDM1 Fs lines, faithful remeth- 
ylation was observed at CG, CHG, and CHH sites 
for remethylatable sequences, whereas nonre- 
methylatable sequences retained their ddm1 
hypomethylation profiles (Fig. 2A and figs. S5 
and S6). Bisulfite sequencing also indicated that 
the more pronounced loss of methylation in 
ddm1 over nonremethylatable sequences (Fig. 1, 
A to C, and table S2) was caused by differences 
at CHH and CHG but not CG sites (Fig. 2B and 
figs. S5 and S6). Indeed, although the loss of 
methylation in ddm/ was severe at CG sites for 
the two groups of sequences (around 80%), as 
well as at CHG and CHH sites for nonremeth- 
ylatable sequences (80 and 95%, respectively), it 
was less so at CHG sites and only marginal at 
CHH sites for remethylatable sequences (60 and 
25%, respectively) (Fig. 2B and fig. S6). These 
results revealed a strong dependence of CHH 
methylation on DDM1, but only at nonremeth- 
ylatable sequences. 

Given the involvement of RNAi in CHH meth- 
ylation (/, 2), small RNA (sRNA) deep-sequencing 
data available for the wild type (/7) were exam- 
ined and compared with similar data obtained 
for ddm/ (10). Contrary to nonremethylatable 
sequences, remethylatable sequences were char- 
acterized in WT plants by an abundance of cor- 
responding sRNAs of mostly 24 nucleotides (nt) 
(Fig. 3, A and B, fig. S8, and table $1), which is 
consistent with genome-wide data indicating 
that 24-nt small interfering RNAs (siRNAs) 
match only a subset of methylated repeats (/8). 
Analysis of the ddm/ data revealed a change as 
compared with that of the wild type in the relative 
proportion of the different size classes of sRNAs 
other than known microRNAs (miRNAs) or 
trans-acting small interfering RNAs (tasiRNAs) 
(Fig. 3C). This change was mainly caused by a 
specific and massive accumulation of 21-nt siRNAs 
matching ATHILA elements (Fig. 3A, fig. S8, 
and table S1) (/0), which is similar to that ob- 
served in met/ mutant plants (/8) as well as in 
tissue culture (/9). Nonetheless, 18 of the 27 re- 
methylatable sequences, including most ATHILA 
sequences, were still characterized by an abun- 
dance of matching 24-nt siRNAs (Fig. 3, A and 
B, fig. S8, and table S1) (0), which is in agree- 
ment with previous studies (/5, 20). This sug- 
gests that the RNAi machinery is responsible 
for the persistence of CHH methylation specif- 
ically at remethylatable sequences in ddm/ and 
hence in their distinction from nonremethyl- 
atable sequences. Consistent with this, transcript 
levels of genes involved in the 24-nt siRNA pro- 
duction pathway (2/—23), including DICER-LIKE 
3 (DCL3), RNA-DEPENDENT RNA POLYMER- 
ASE 2 (RDR2), NUCLEAR RNA POLYMERASE 
D 1A (NRPDIA), and NRPD1B, were unchanged 


in ddmI (Fig. 3D). As anticipated from the dis- 
appearance of 24-nt siRNAs in rdr2 and dcl2dcl3 
mutants (22, 23), methylation was almost com- 
pletely lost over remethylatable sequences when 
ddm1 was combined with rdr2 or dcl2dcl3 
(Fig. 3E and table S2). Reduction of methyla- 
tion at nonremethylatable sequences was also 
observed in ddmIrdr2 or ddm1dcl2dlc3 mutant 
seedlings (Fig. 3E and table S2), suggesting a 
low input from the RNAi pathway in the meth- 
ylation of these sequences. Although global 
methylation levels were unaffected in rdr2, 
dcl2dcl3, and nrpdla&1b mutant seedlings (fig. 
S9 and table S2), a significant loss of CHH 
methylation occurred specifically over remeth- 
ylatable sequences (Fig. 3F and figs. S5 and S6). 
These results establish a crucial role for RNAi 
in the distinction between remethylatable and 
nonremethylatable sequences. 

To determine whether RNAi is causal in 
remethylation, ddmIrdr2 plants were crossed 
with rdr2 single mutants and the F; progeny 
was selfed to obtain F, and F; progeny with 
impaired RNAi but restored DDM1 function. 
We observed rare and nonprogressive methyl- 
ation, which affected both remethylatable and 
nonremethylatable sequences (Fig. 4 and table 
82). This mostly sporadic low-level methyla- 
tion is reminiscent of that observed in mutant 
plants homozygous for a null allele of the main- 
tenance MTase gene METI (8) and suggests 
that when RNAi is compromised, an ineffi- 
cient mechanism of compensatory methyla- 
tion may come into play. This demonstrates an 
essential function of RNAi in robust and spe- 
cific remethylation. 

We have shown that contrary to the pre- 
valent view (2, 7, 8), numerous repeat elements 
can efficiently regain WT methylation after a 
severe loss in Arabidopsis. This remethylation 
is guided by the RNAi machinery, does not 
spread into nearby sequences, and, in the case 
of reactivated transposable elements, is asso- 
ciated with their resilencing. Thus, two main 
types of methylated repeat elements may be 
distinguished (fig. S1OA). Although methyla- 
tion of some repeat elements depends almost 
exclusively on maintenance MTases and can- 
not be regained once compromised, other re- 
peat elements are efficiently targeted in parallel 
by the RNAi-dependent de novo methylation 
machinery, which contributes marginally to 
their overall methylation but is critical for their 
faithful remethylation. A third, minor group of 
repeats is targeted solely by the RNAi-dependent 
de novo methylation machinery (/8, 24) and 
therefore remains unaffected in ddm1 or met] 
(fig. S10B). 

The progressivity of remethylation paral- 
lels that of the de novo RNA-dependent DNA 
methylation that is frequently observed with 
transgenes (/, 2). This suggests that remethyla- 
tion may be most effective for recently inserted 
transposable elements and that nonremethyl- 
atable repeats were likely to have been reme- 


thylatable when first inserted. Although the 
frequency with which DNA methylation can 
be lost in natural settings is unknown, our dis- 
covery of a corrective mechanism reveals an im- 
portant role for RNAi in protecting the genome 
against transgenerational epigenetic defects. This 
mechanism also has potential adaptive and evo- 
lutionary implications (25) because it allows for 
the generation of epialleles with differences in 
transgenerational stability. 
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Genetic Incompatibility Drives 
Sex Allocation and Maternal 
Investment in a Polymorphic Finch 


Sarah R. Pryke* and Simon C. Griffith 


Genetic compatibility may drive individual mate choice decisions because of predictable 

fitness effects associated with breeding with incompatible partners. In Gouldian finches 
(Erythrura gouldiae), females paired with genetically incompatible males of alternative color 
morphs overproduce sons, presumably to reduce investment in inviable daughters. We also 
observed a reduced overall investment in clutch size, egg size, and care to offspring resulting 
from incompatible matings. Within-female experimental pairings demonstrate that female 
birds have the ability to adaptively adjust the sex of their eggs and allocate resources on 

the basis of partner quality. Female Gouldian finches thus make cumulative strategic allocation 
decisions to minimize the costs of poor-quality pairings when faced with a genetically 


incompatible partner. 


may alter reproductive investment in a 

particular breeding attempt according to 
the quality of their partner (7, 2). When breed- 
ing with high-quality males is constrained, fe- 
males may potentially accept incompatible mates 
but strategically alter their relative investment 
in sons and daughters to enhance the viability 
of their current offspring (/) or trade off ma- 
ternal investment in lieu of future reproductive 
opportunities with higher quality partners (3). 
However, there is limited empirical support for 
adaptive maternal investment in relation to mate 
quality. Despite reports of sex ratio adjustment 
by female birds in relation to partner attractive- 
ness (3, 4), differential sex allocation as an adaptive 
postcopulatory mechanism in birds remains con- 
troversial (5—7). Similarly, support for differential 
allocation of resources by females depending on 
whether they are paired with high- or low-quality 
mates is scarce (S—-//). These studies have also 
typically demonstrated relatively weak effects 
related to a single maternal variable (8—1/) rather 
than more cumulative allocations by females, 
which would be expected to have greater 
biological importance. 

The inconsistent and limited empirical support 
for adaptive maternal investment in vertebrates 
may have resulted from analyses of individual 
allocation decisions in the absence of theoretical 
frameworks (/2, /3) and in contexts or systems 
where parents are unable to precisely predict the 
net fitness gains from strategic adjustments. Most 
studies, for example, have focused on maternal 
allocation in the context of continuously variable 
male traits, such as color, environmental, or social 
factors, which may be quantitatively difficult for 
females to assess and from which the potential 
fitness benefits are often complex, unpredictable, 


L=« theory predicts that females 
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and relatively weak. Theoretically, it is perhaps 
unrealistic to expect females to make significant 
responses on the basis of such variables (6). 
Indeed, most avian studies of maternal invest- 
ment (4, 8, 10) have been unable to convincingly 
demonstrate or even predict the adaptive value 
to females of differential investment (/2, /3). 
We investigated adaptive maternal investment 
in the Gouldian finch (Erythrura gouldiae), a 
color polymorphic bird in which we can make 
a priori predictions with respect to anticipated 
responses because of predictable sex-specific 
fitness effects associated with matings between 
genetically incompatible partners (/4). Mate 
quality is signaled through head color, which is 
either black (70% of individuals) or red (30%) 


and is determined by a Z-linked gene; red (Z*) 
is dominant to black (Z’) (15). Because of the 
sex determination system of birds, females are 
homozygous for this gene, and thus phenotype 
matches genotype (Z’ black, Z* red), whereas 
male genotypes can be homozygous Z'Z’ (black), 
Z®ZR (red) or heterozygous Z*Z’ (red). Heterozy- 
gous and homozygous red males are phenotypical- 
ly indistinguishable (/5). Individuals discriminate 
between black and red mates and demonstrate pre- 
copulatory mate preferences for their own morph 
type (/6). However, up to 30% of breeding pairs 
in wild populations are mixed (intermorph), per- 
haps because of constraints on preferred mate 
availability in this socially monogamous species 
(16). Precopulatory mate choice is probably adapt- 
ive because postzygotic genetic incompatibilities 
between red and black birds (i.e., different geno- 
types) forced to breed in captivity results in high 
offspring mortality (4). In particular, throughout 
offspring development (.e., from egg to sexual 
maturity, 160 days), genetically incompatible 
pairs have 40.2% greater mortality of sons and 
83.8% greater mortality of daughters than broods 
produced from genetically compatible pairs (/4). 
Given that females can assess the phenotype of 
males and that mixed-morph pairing results in 
fitness costs, we predict that females unable to 
pair preferentially with genetically compatible 
mates should differentially adjust their relative 
breeding investment accordingly. 

We randomly paired 200 females (100 black, 
100 red) to either a black or red male (of known 
morph genotype) in a visually isolated cage (/7). 
To control for genetic versus parentally derived 
environmental effects (18), we conducted cross- 
fostering experiments involving permanent recip- 


Proportion male offspring 


0.2 


Male phenotype: Black Red or Red Red or Red Black 
Male genotype: = arzr zRzR zRzr zRzR zRzr zor 
Black female Red female 
(2") (ZF) 


Fig. 1. Mean (+SEM) proportion of male offspring (laying to hatching) for each nest produced from 
within-female crosses between same (matched) and different (mixed) male morphs. Individual females 
given a male of a different genotype had offspring with a male-biased sex ratio (solid black bars). Even 
if we assume that all infertile eggs (of unknown sex) were female, a male-biased sex ratio remains 
(open bars). Although offspring from red females paired to heterozygous red males (i.e., genetically 
incompatible) suffered similar mortality rates as offspring from red-black pairings (14), in contrast to 
other incompatible mixed-morph pairs, red females in these matched pair crosses produced only a 
slight initial male bias (56%); if we assumed large differential female mortality in infertile eggs, these 
females would be predicted to produce very few male offspring. 
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rocal translocation of whole broods (hatching 
day 1 to 2) within and between the different 
treatments. Once offspring reached independence 
(60 days), the male and offspring were removed, 
and 18 days later [to discount the possibility of 
stored sperm (/9)] the female was paired with a 
random male of the alternate morph. Each female 
thus bred twice, once with a male of her own 
morph (matched pair) and once with a different 
morph (mixed pair); all reported results reflect 
this within-female breeding design. 

Because daughters are particularly susceptible 
to genetic viability effects from an incompatible 
partner genome (/4), as expected (20, 2/), females 
in mixed pairs produced broods with male- 
biased primary sex ratios [82.1% males; general- 
ized linear mixed model (GLMM), x 7 = 14.26, 
P< 0.001; N = 324 families, 1473 nestlings, and 
27 dead embryos], whereas females in matched 
pairs produced an unbiased sex ratio (45.9% 


males; GLMM, x 1.64, P = 0.21; N = 324 
families, 1473 nestlings, and 27 dead embryos) 
(Fig. 1). In 369 eggs (20% of all eggs produced), 
there were no visible signs of embryonic develop- 
ment (despite normal incubation), and we were 
unable to sex these eggs. However, even if we 
assume that all infertile eggs were female, we 
would still have observed a male-biased sex ratio in 
mixed-morph pairs (60.3% males; GLMM, y,° = 
3.87, P = 0.04; N = 324 families, 1473 nestlings, 
and 369 infertile eggs) (Fig. 1). 

To determine whether females in mixed- 
morph pairs overproduce sons, independent of 
any intrinsic mortality effects resulting from ge- 
netically incompatible mates, we next experi- 
mentally blackened the head colors of red males 
before pairing them to red and black females 
and allowing them to breed (/7). We found that 
black females paired to red males who were 
experimentally blackened (i.e., to resemble black 
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Fig. 2. Within-female differential investment when paired with the same (matched) and different (mixed) 
color morph. Females paired to a male of the same phenotype produced (A) 40.2% larger clutches, (B) 
12.8% larger eggs, and (C) increased per capita provisioning of their offspring (46.1%) compared with 
when they were paired with a genetically incompatible male. The means + SEM (error bars) are shown, 
and brood sample sizes are provided in the bars of (A). 


males) produced a sex ratio that did not differ 
significantly from equality (55% males; GLMM, 
x 1.06, P= 0.30; N = 18 families, 94 chicks) 
despite the incompatible (red) genotype. In- 
terestingly, this brood sex ratio was similar to 
the ratio of male offspring produced (56%) when 
red females were mated to heterozygous (ge- 
netically incompatible) red males (Fig. 1). Red 
females paired to experimentally blackened red 
males produced significantly more males (72%; 
GLMM, x = 13.54, P< 0.001; N = 22 broods, 
71 chicks), despite having fully compatible geno- 
types. These results indicate that maternal effects 
are most likely driven by female allocation rather 
than by interactions between incompatible ge- 
nomes or through male coercion (22). These re- 
sults also contrast with the prediction that females 
should overproduce sons when paired with 
attractive partners (3, 4, 13, 20). Instead, females 
gain greater fitness benefits from overproducing 
sons when paired with a nonpreferred male 
morph because of the severe mortality effects on 
daughters in mixed-morph pairs. 

Because of the fitness costs of breeding in 
mixed-morph pairs (/4), we also examined the 
relative investment by females into reproduc- 
tion. We found that individual females in mixed 
pairs produced significantly fewer eggs (3.39 + 
1.07) than when breeding in matched pairs [5.67 + 
0.89 eggs; repeated measures analysis of vari- 
ance (RM-ANOVA), F\ 160 = 16.26, P < 0.001, 
r 7 = 43.3, N= 324 clutches] (Fig. 2A). Females 
in mixed pairs also laid significantly smaller eggs 
(198.23 + 14.12 mm?) than when breeding with 
the same morph type (227.04 + 12.35 mm’; 
RM-ANOVA, F159 = 14.10, P < 0.001, 7° = 
62.8, N = 324 clutches) (Fig. 2B). Egg volume 
was unrelated to the sex of the resulting off- 
spring (RM-ANOVA, F}160 = 0.62, P= 0.80, ° = 
0.18), indicating that differential egg investment 
was not simply due to a differential investment 
into sons or daughters (23). Egg size influences 
fitness in birds (24); in Gouldian finches, egg 
size was positively correlated with chick mass 
(measured 2 days after hatching; Pearson’s cor- 
relation, r = 0.82, P < 0.001, N = 1473). Further- 
more, after controlling for the differences in egg 
and brood size between matched and mixed pairs, 
we found that when chicks (from both mixed and 
matched pairs) were fostered to nests of matched 
pairs they grew faster than foster chicks in mixed 
nests (RM-ANOVA, F.15 = 7.15, P= 0.007, 7° 
7.82), irrespective of their genetic origin (F\j5g = 
0.81, P = 0.34). The difference in chick mass 
between nests reared by foster parents of mixed 
and matched pairs (9.1%) appeared to be due to 
a per capita increase in maternal (but not pa- 
ternal) provisioning to chicks in matched pairs 
(RM-ANOVA, female visit rate: F),159 = 87.13, 
P <0.001, 7° = 44.8; male visit rate: F159 = 0.04, 
P = 0.83, 7° = 6.4, N = 324 broods) (Fig. 2C). 
These effects were also apparent when males 
were color-manipulated; black females paired to 
blackened red males (i.e., genetically incompatible) 
significantly increased their investment into their 


20 MARCH 2009 VOL 323 SCIENCE www.sciencemag.org 


brood relative to genetically incompatible mis- 
matched (black-red) pairs (clutch: t = 5.6; egg 
size: t = 6.8; care: t= 8.2; df = 86, P< 0.001) and 
instead invested similarly to genetically compati- 
ble black pairs (clutch: ¢ = 1.2; egg size: t = 0.8; 
care: t = 0.5; df = 94, P > 0.15). Similarly, red 
females paired to blackened red males (i.e., ge- 
netically compatible) significantly reduced their 
investment compared with matched red morph 
pairs (clutch: t = 4.4; egg size: t = 5.7; care: t= 
7.3; df= 56, P < 0.001), in line with red females 
paired to genetically incompatible black males 
(clutch: t= 0.9; egg size: t= 1.1; care: t= 0.7; df= 
102, P > 0.18). 

By controlling for individual effects (i.e., 
within-female) and environmental effects (i.e., 
controlled cage environment), we demonstrated 
differences in maternal investment (offspring 
number, quality, and sex) in a system where the 
fitness benefits to females from skewed alloca- 
tion are large (due to genetic incompatibility) 
and predictable (because head color is a reliable 
signal of genotype). By manipulating parameters 
pertinent to strategic maternal investment and 
by preventing active precopulatory mate choice 
(/6) or the ability for females to engage in extra- 


pair copulations with a more compatible mate 
to counteract the costs of a genetically incom- 
patible social mate (2/), we exposed extreme 
postcopulatory strategies. This suggests that the 
extent to which females can control and manipulate 
important life-history components of fitness 
may have previously been underestimated. 
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The Domestication 


Process and 


Domestication Rate in Rice: Spikelet 
Bases from the Lower Yangtze 


Dorian Q Fuller,?* Ling Qin,? Yunfei Zheng,? Zhijun Zhao,’ Xugao Chen,? 


Leo Aoi Hosoya,> Guo-Ping Sun? 


The process of rice domestication occurred in the Lower Yangtze region of Zhejiang, China, 
between 6900 and 6600 years ago. Archaeobotanical evidence from the site of Tianluoshan shows 
that the proportion of nonshattering domesticated rice (Oryza sativa) spikelet bases increased 
over this period from 27% to 39%. Over the same period, rice remains increased from 8% to 24% 
of all plant remains, which suggests an increased consumption relative to wild gathered foods. 
In addition, an assemblage of annual grasses, sedges, and other herbaceous plants indicates the 
presence of arable weeds, typical of cultivated rice, that also increased over this period. 


he domestication of staple cereal crops rep- 

resents the major economic and ecological 

transition that human societies made during 
the Holocene (/). A key change in domestication of 
cereals, resulting from cultivation, was the loss of 
natural seed dispersal, which led to domesticated 
cereals with dependence on humans (2, 3). Direct 
evidence for the evolution of this trait in wheat and 
barley in Southwest Asia suggests that this process 
was slower than earlier hypothesized (3—5). Rice 
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has been less well documented, but archaeological 
finds of rice grains and phytoliths indicate that it 
was an early crop in the Lower and Middle Yangtze 
region of China (6, 7). 

Tianluoshan is a Neolithic site of the local 
Hemudu Neolithic culture in Zhejiang Province, 
China (Fig. 1). Tianluoshan is 2 to 3 m above 
present-day sea level, with a high belowground 
water table that has preserved water-logged botan- 
ical remains in some contexts, along with charred 
remains throughout the site. Excavations between 
2004 and 2007 revealed preserved wooden posts, 
boat paddles, wooden and bone tools, characteristic 
pottery and ground-stone axes, and animal and fish 
remains, as well as well-preserved plant remains (8). 
In total, 23,615 plant remains were identified from 
24 systematically sieved samples, in addition to 
more than 12,000 hand-picked remains. More than 
50 species were identified, mainly acorns (includ- 


ing Lithocarpus and Cyclobalanopsis types), Trapa 
water chestnuts, foxnuts (Euryale ferox), and rice. 
Probable storage pits retained acorns (Quercus 
sensu lato and Lithocarpus), water chestnuts 
(Trapa natans sensu lato), foxnuts, and several 
other edible fruit remains and seeds. One area of 
excavation (K3) had preserved distinct lenses of 
rice husks, acorn shells, Zrapa shells, and per- 
simmon seeds (Diospyros sp.). 

Large quantities of rice spikelet bases, as well 
as a range of small seeds of wild species that may 
plausibly represent the arable weeds of rice cultiva- 
tion, were recovered during the systematic sorting 
of sediment samples. Rice increased as a percentage 
of the total remains from sieved samples from 8% 
to 18% to 24% (Fig. 2). These phases were dated 
by direct accelerator mass spectrometry radiocarbon 
dates on nuts and rice grains (fig. S1) indicating a 
sequence for the plant samples between ~6900 and 
6600 years ago, and divided into three periods (K3 
midden, layers 8 and 7, and layers 6 and 5). These 
data suggest that rice increased in dietary importance 
through time. The increase in the proportion of rice 
supports the hypothesis that people became increas- 
ingly reliant on rice cultivation and gradually aban- 
doned wild resources, such as acoms and Trapa 
water chestnuts. 

Distinctions between wild and domestic rice are 
made through observations of the spikelet bases, 
which show key morphological differences (9—/2), 
although in archaeological specimens this distinc- 
tion can be complicated if immature specimens 
were harvested. We classified spikelet bases on the 
basis of a comparative study of spikelet bases in 
140 modern populations (/3). In domesticated rice, 
panicles are nonshattering, which allows most 
grains on the plant to reach maturity before being 
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Fig. 1. Map of representative early 
rice finds in China, with arrow indi- 
cating Tianluoshan; the inset shows 
the local region of Tianluoshan and 
Liangzhu. 


harvested. Spikelets are then separated through 
threshing, which causes uneven breakage at the 
spikelet base as well as tearing of vascular strands, 
resulting in a larger and more irregular pore (Fig. 
3A). In addition, domesticated spikelet bases can 
be identified by their uneven profile, dimpled ap- 
pearance, and less symmetrical scars (/0). By con- 
trast, wild-type rice spikelets typically have a straight 
profile at their bases, and shattering results in a 
smooth and round abscission scar and a small, 
distinct vascular pore (Fig. 3B). Rice harvested be- 
fore maturity is expected to have protruding vas- 
cular bundles from the remnant of the attached 
rachilla (the fine stalk that attaches grains to the 
rice plant) (Fig. 3C), although this pattem is en- 
countered in some modem domesticated varieties. 
To minimize the possibility of overestimating the 
proportion of domesticates, we classified seeds with 
rachilla remnants as immature. 

On the basis of the above criteria, 2641 archaeo- 
logical spikelet bases from Tianluoshan were di- 
vided into three categories: wild (Fig. 3, E and H), 
domestic (Fig. 3, D and G), and immature (Fig. 3, 
F and J); all three were found in all samples. When 
calculated by temporal period, the proportions 
change over time in favor of domesticated types, 
which increase from 27.4% to 38.8% over ~300 
years, while both wild and immature types decrease 
(fig. S2). To test for statistical significance, we treated 
each sampled context with 25 or more spikelet bases 
as an independent sample, allowing a mean and 
standard deviation to be calculated for the percent- 
ages of domesticated, wild, and immature types 


(Fig. 4). These findings were supported by a com- 
parison with a later domesticated population: a 
single sample (n = 147) available from nearby 
Liangzhu [~4200 years before the present (B.P.)], a 
quasi-urban center of a culture known for stone 
plough tips and sickles (/4). Our observed domes- 
ticated types may be an underestimate, because 
some immature types may be domesticated (/3). 
But any such underestimate is likely to be slight 
because wild harvests should be biased toward 
immature types, as inferred from grain morpho- 
metrics (14, 15). 

Through the three temporal phases at 
Tianluoshan, there is a significant increase in aver- 
age proportion of domesticated types (P = 0.0048). 
This trend toward an increasing proportion of 
domesticated types through time implies that rice 
was under cultivation at this time and that domes- 
tication traits were under selection. However, as 
predicted from other lines of evidence from the re- 
gion (14, 75), a substantial proportion of the rice 
crop may have been harvested while still immature 
to minimize wild-type grain loss due to shattering. 
We also observed many small and flattened rice grains, 
characteristic of highly immature spikelets, present 
among larger, mature grain types at Tianluoshan. 

Additional support for rice cultivation at 
Tianluoshan is provided by the accompanying spe- 
cies, which include many likely arable weeds. Tem- 
poral increases in domesticated rice spikelet bases 
were accompanied by increases in both the overall 
proportion of rice and these weedy taxa (Fig. 2). 
These include well-known wet-field rice weeds 
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samples from the three periods, indicating percent- 
ages of rice, probable weeds of rice, acorns, Trapa 
water chestnuts, and other gathered fruits and nuts. 


such as sedges (Scirpus spp., Cyperus spp., Juncel- 
lus spp., Eleocharis sp.), rushes (Juncus spp.), and 
weedy annual grasses (Echinochloa sp., Eragrostis 
sp., Isachne globosa, Festuca sp., Panicum sp., Se- 
taria sp.). Several dicotyledonous weeds were also 
found, but with less frequency. All these species are 
present today as weeds in rice paddy fields (/6—/8). 

Our data suggest that rice domestication culmi- 
nated after ~6500 years B.P. This is consistent with 
the findings of a recent reanalysis of shifts in grain 
and phytolith size (3, 14, 15). The beginnings of 
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the domestication process, however, remain unclear. 
Early rice cultivation in China was initially a supple- 
mentary resource alongside wild nuts (/5). Cultiva- 
tion had certainly begun by 8000 to 7700 years 
B.P., as indicated by archaeobotanical evidence in- 
cluding domesticated-type spikelet bases found at 
Kuahuqiao (/2). Pollen and microcharcoal data sug- 
gest that cultivation at Kuahugiao involved water 
management and clearance through burning (79). 

This evidence suggests that rice domestication 
was comparable in process to that of wheat and 
barley, in that the nonshattering phenotypes grad- 
ually became fixed in cultivated populations over at 
least two or three millennia (3, 4). Despite higher 
cross-pollination rates in wild rice (20) relative to 
self-pollinating wheat and barley (2/), pollination 
systems may not have had an appreciable impact 
on the rate of domestication. Instead, the presence 
of sympatric populations of both wild and domes- 
ticated cereals may have dampened selection for 
domestication (22). 

Genetic studies show a deep divergence be- 
tween indica and japonica rice (23, 24), and it is 
possible that India paralleled the Chinese domes- 
tication (25). However, shared alleles (26-28) sug- 
gest that the domesticated Indian forms resulted 
from hybridization as domestic rice dispersed from 
China into South Asia. Additionally, the spread of 
rice to Southeast Asia derived from rice domesticated 
in the Yangtze (/). These new data from Tianluoshan 
would therefore restrict the time frame for dispersal 
until some centuries after ~6600 years B.P. 
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Variants of the Antibody Herceptin 
That Interact with HER2 and VEGF 
at the Antigen Binding Site 
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The interface between antibody and antigen is often depicted as a lock and key, suggesting that 
an antibody surface can accommodate only one antigen. Here, we describe an antibody with an 
antigen binding site that binds two distinct proteins with high affinity. We isolated a variant of 
Herceptin, a therapeutic monoclonal antibody that binds the human epidermal growth factor 
receptor 2 (HER2), on the basis of its ability to simultaneously interact with vascular endothelial 
growth factor (VEGF). Crystallographic and mutagenesis studies revealed that distinct amino 
acids of this antibody, called bH1, engage HER2 and VEGF energetically, but there is extensive 
overlap between the antibody surface areas contacting the two antigens. An affinity-improved 
version of bH1 inhibits both HER2- and VEGF-mediated cell proliferation in vitro and tumor 
progression in mouse models. Such “two-in-one” antibodies challenge the monoclonal antibody 
paradigm of one binding site, one antigen. They could also provide new opportunities for 
antibody-based therapy. 


ited to antibodies that bind small haptens (4), and 
a strategy to generate a single antigen binding 
fragment (Fab) capable of recognizing two un- 
related proteins has not yet been reported. 

We set out to explore whether dual specific 
antibodies can be derived from a monospecific 
antibody with the following approach: A repertoire 
of Herceptin (Genentech, South San Francisco, 
CA) antibody variants with mutations in the light 
chain (LC) complementarity determining regions 


antigens has prompted their use for nu- 

merous targeted therapies (/). However, 
the notion of an antibody that recognizes more 
than one antigen is intriguing. It has been sug- 
gested that multi-specificity may evolve and play 
a role in the highly efficient antibody repertoire 
for immune protection with one antibody per- 
forming more than one task (2, 3). However, the 
few examples of such multi-specificity are lim- 


T= binding of antibodies to specific single 


Table 1. The representative antibodies from the LC library of Herceptin. Mutations from 
Herceptin are shown in italics. Dashes indicate positions where no residue is present. 
Antigen binding affinity (Ky) was determined by surface plasmon resonance using Fab. 


(CDRs) were generated, and Fabs that can bind 
a new protein antigen while maintaining human 
epidermal growth factor receptor 2 (HER2) bind- 
ing were identified. The approach is based on the 
understanding that modifications of the LC se- 
quence can modulate the binding specificity of 
antibodies (5, 6). In addition, many antibodies, 
with Herceptin as a prime example (7, 8), bind 
the antigens by using mainly the heavy chain (HC) 
CDRs, suggesting that mutations in the LC CDRs 
might allow preservation of the original antigen 
binding specificity. 

The framework regions of Herceptin varia- 
ble domains (Vy, and V,, the variable domain of 
HC and LC, respectively) belong to subtypes 
that are prevalent in the human antibody reper- 
toire (Vy3, Vukappal). Thus, mutations within 
the antigen binding site of Herceptin that confer 
a second specificity may indicate a potential for 
a dual specific antibody to evolve from the natu- 
ral repertoire. As Herceptin is a validated thera- 
peutic for breast cancers that overexpress HER2 
(9), recruitment of a second binding specificity to 
Herceptin may add to it a distinct pharmaco- 
logical activity. 
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NB indicates that no binding is detected. Single-letter abbreviations for the amino acid 
residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, 
Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 


CDR-L1 CDR-L2 CDR-L3 Specificity Affinity (nM) 

28 29 30 30a 30b 30c 30d 31 32 33 50 51 52 53 91 92 93 93a 93b 94 Antigen1 Antigen2 Ky1 Kg 2 

Herceptin D V N - - - - T AV S A S FH Y T = = TT HER2 NB 0.1 NB 
a4 N VW - - =~ = DWV PA S S$ GW Y | = A VEGF NB 15 NB 
bH1 Ds! PR S | 5S GYVW GS YH Y T = = T HERZ VEGF 26 300 
bH3 DiGt-—-- - @ § Vv WA Ss Y HY T -—- = TT HERZ VEGF 8 19,000 
bH4 DiRs - - - @ § V WG Ss Y H Y¥ T — = T _ HER2 VEGF 11 3,500 
4-1 Di WN R - = RAL EG § S$ G GS Y SS DRS NB 120* NB 
4-5 NV G- - - - R PVG GS S$ ¥Y G S F G T_ DRS NB 150* NB 
bD1 NV S 2 & = = K He WE 5s S Y S = = G_ HER2 DR5 -200* + 14,000* 
bD2 Nf ROW G = = @-@ £ S A S FH ¥ T == T HER? DRS 100* +67,000* 


*IgG was used to determine the Kg. 


20 MARCH 2009 VOL 323 SCIENCE 


www.sciencemag.org 


We constructed the repertoire of Herceptin 
LC variants by randomizing a subset of solvent 
exposed LC CDR positions to mimic the natural 
diversity in amino acid composition and length 
(tables S1 and S2) (/0). Selection of the Herceptin 
variant library against vascular endothelial growth 
factor (VEGF), death receptor 5 (DR5), and the 
complement binding fragment of immunoglob- 
ulin G (IgG) (Fc) generated over one hundred 
specific clones containing 3 to 17 amino acid 
substitutions and/or insertions compared with 


Fig. 1. The crystal structures of bH1 Fab 
bound to HER2 or VEGF. (A) The bH1 Fab 
(gray)/HER2 (gold) superimposed on to the 
Herceptin (pink)/HER2 (red) complex (left), 
and bH1 Fab (light blue)VEGF (green, teal) 
complex (right). (B) Fab surface residues are 
colored according to the extent buried in the 
complex (red, >75%; orange, >50 to 75%; 
yellow, >25 to 50%). The underlined amino 
acids differ between bH1 and Herceptin. The 
white dotted line separates the LC and HC. 
(C) Superposition of the CDR loops of VEGF 
and HER2-bound bH11 (blue, gray) and HER2- 
bound Herceptin (pink) in the same orienta- 
tion as in (B). (D) CDR-L1 regions of the two 
bH1 complexes shown in the same orienta- 
tion. The residues with temperature factors 
higher than average are shown in red and 
orange. VEGF would clash with Tyr32 of bH1 
in its HER2-bound conformation. 


Herceptin (tables S3 and $4). Some of the clones 
lost binding affinity for HER2 and switched bind- 
ing entirely to the new antigen, whereas others 
maintained the ability to bind HER2 and thus 
were dual specific. 

Representative VEGF and DRS5-binding clones 
were expressed as Fab and IgG proteins to 
assess their specificity and affinity (Table 1 and 
fig. S1). VEGF and DRS are therapeutic tar- 
gets of known structure. Equilibrium binding 
affinities (Kg) of the LC library-derived mono- 


bH1/HER2 
Herceptin/HER2 
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specific antibodies ranged from 15 to 150 nM 
(Table 1). The dual specific antibodies bound 
the new antigens (i.e, VEGF or DRS) with high 
nanomolar to micromolar affinity while preserv- 
ing HER2 binding in the low nanomolar affinity 
range. The antibody bH1 exhibited the highest 
dual affinity for the two completely different pro- 
tein antigens VEGF (Ky = 300 nM) and HER2 
(Kg = 26 nM). 

To understand the molecular basis of the 
dual specificity, we determined the crystal struc- 
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tures of the bH1 Fab bound to the extracellular 
domain of HER2 (residues 1 to 624) and to the 
VEGF receptor-binding domain (residue 8 to 109) 
at 2.9 and 2.6 A resolution, respectively (Fig. 1A 
and table S5). The structure of the bH1/HER2 
binding domains (bH1 Fv and domain IV of 
HER2) superimposes onto the Herceptin/HER2 
complex with a root mean square deviation of 
0.8 A, showing that the Herceptin binding epi- 
tope on HER? is retained (Fig. 1A) (7). The HER2 
binding sites on bH1 and Herceptin differ only 
in the CDR-L1 and -L2 regions where the bH1 
sequence differs from Herceptin (Fig. 1B). 

In the structure of the bH1/VEGF complex, 
the Fab recognizes an epitope that overlaps with 
the binding sites of the VEGF receptors and other 
VEGF binding antibodies (//—/3). Consistent with 
this observation, bH1 blocks the interaction be- 
tween VEGF and its receptors (fig. S2). 

Comparison of the bH1/VEGF and the 
bH1/HER2 complexes shows an extensive overlap 
of the VEGF and HER2 binding sites on bH1 
(Fig. 1B and table S6); 11 out of the 13 bH1 res- 
idues that are in close contact with HER2 also 
make contact with VEGF. In the HER2 com- 


VEGF binding 


HB Alanine Scan 
Homolog Scan 


AAG (kcal/mol) 


plex, the LC and HC CDRs contribute approx- 
imately equal antigen contact area (53% and 47%, 
respectively), whereas in the VEGF complex, the 
LC CDRs constitute nearly 70% of the buried 
surface (fig. S3). 

With the exception of CDR-L1, the CDR 
conformations of the bH1 Fab bound to VEGF 
are markedly similar to those observed in bH1 or 
Herceptin bound to HER2 (Fig. 1C). The capa- 
bility of CDR-L]1 to rearrange appears to be nec- 
essary for the dual specificity of bH1 (Fig. 1D). 
In the HER2 complex, CDR-L1 is minimally in- 
volved in antigen interaction, and part of the 
loop appears to be flexible, as evidenced by poor- 
ly defined electron density (Fig. 1D). In contrast, 
in the VEGF complex, this loop is well struc- 
tured and forms extensive contacts with VEGF. 
Similar conformational flexibility of CDR-L1 
has been reported to play a role in antigen rec- 
ognition of natural antibodies (/4, /5). 

Next, we performed shotgun scanning muta- 
genesis studies to assess the energetic contribu- 
tions of individual CDR residues to VEGF and 
HER2 binding (S11 and S12 in the supporting 
online material) (/0). We determined the change 


in free energy (AAG) as a result of mutation to 
alanine (alanine scan) or a homologous residue 
(homolog scan) (table S7), revealing the CDR 
residues that make up the functional paratopes 
of the Fab in the two complexes (Fig. 2A). 

In contrast to the extensive overlap between 
buried surfaces in the interfaces of bH1 bound 
to either VEGF or HER2, the two functional 
paratopes show only limited overlap (Fig. 2B 
and fig. S4). Energetically, the VEGF binding in- 
teraction is mediated primarily by the LC CDRs, 
whereas HER2 binding is dominated by HC 
CDRs. Compared to Herceptin, bH1 maintains 
the same core hotspot residues for HER2 bind- 
ing (Arg50, Trp95, and Tyr100a of HC) (fig. S4). 

The structural and functional studies show 
that the interactions between bH1 and the two 
entirely unrelated large proteins are distinct (Fig. 
2 and fig. S5) and are characterized by confor- 
mational adaptation of the antigen binding site 
(table S8) and differential engagement of V; 
and Vy (Fig. 2). The molecular versatility ob- 
served in the dual specific bH1 is reminiscent of 
other antibodies binding multiple small haptens 
or peptides (4, 76) or of an antibody binding its 
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Fig. 2. The distinct interactions of bH1 with HER2 and 
VEGF. (A) The AAG values (y axis, kilocalories per mole) 
of each mutation to alanine (black) or a homologous 
amino acid (white) for VEGF or HER2 binding based on 
shotgun scanning mutagenesis (10). The extent of the 
bH1 residues buried upon VEGF or HER2 complex for- 
mation is indicated (single asterisk, >25 to 50% buried; 
double asterisk, >50 to 75%; triple asterisk, >75%o). 
The dagger symbol represents a lower limit (table S7). 
(B) The residues that make structural contacts (>25% 
buried) or energetic interaction (AAG > 10% total binding 
energy) with HER2 (pink), VEGF (green), or both (shared, 
blue) are mapped on the surface of HER2-bound bH1. 
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cognate antigen and an anti-idiotype antibody 
(17, 18). Further, the differential engagement of 
residues within a common binding site also echoes 
the plasticity observed in other protein-protein in- 
teractions, such as the recognition of distinct anti- 
gens (major histocompatability complex—bound 
peptides) by T cell receptors (/9) or growth factor 
binding to different receptors (20). 

We further examined whether the dual bind- 
ing specificity can translate into dual activity in 
vivo. To facilitate the investigation of the in vivo 
activity of bH1, we generated versions of bH1 
with high affinity and specificity for HER2 and 
VEGF (figs. S1, S2, S6, S7, and S8 and table S9). 
bH1, the affinity-improved bH1-81 (Ky = 58/6 nM 
VEGF/HER2), and bH1-44 (Ky = 3/0.2nM 
VEGF/HER2) inhibit VEGF-induced prolifera- 
tion of human umbilical vein endothelial cells 
(HUVECs) and the growth of the HER2 overex- 
pressing breast cancer cell line, BT474 (Fig. 3A). 


Fig. 3. Inhibition of 
VEGF and HER2 function 
in vitro and in vivo. (A) 
bH1 and the affinity im- 
proved variants bH1-81 
and bH1-44 as IgGs in- 
hibit VEGF-stimulated pro- 
liferation of HUVECs and 
human breast cancer cell 
BT474 in a dose-dependent 
manner. Herceptin and 
bevacizumab (anti-VEGF) 
were used as controls. Er- 
ror bars represent the aver- 
age deviation of triplicates 
(n = 3). (B) Tumor growth 
inhibitions of bH1-44 in 
Colo205 and BT474M1 
xenografts in immunocom- 
promised mice. The graph 
shows tumor volume as a 
function of time. The ar- 
rows indicate the time B 
points for antibody (hu- 

man IgG) administration. 

Error bars indicate SEM 

(10). An asterisk indicates 
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The potencies of the bH1 variants correlate with 
their relative affinities. The bH1-44 variant inhib- 
its the growth of HUVEC and BT474 cells with 
potencies similar to bevacizumab or Herceptin, 
respectively. 

To examine the two unique activities of bH1- 
44 in vivo, we studied mouse xenograft tumor 
models known to be responsive to treatment by 
anti-VEGF antibodies (Colo205, a human colo- 
rectal cancer cell line) or Herceptin (BT474M1, 
human breast cancer cell line). We compared the 
bH1-44 treated groups with those treated with 
anti- VEGF (B20-4.1) (2/), Herceptin, or the com- 
bination (Herceptin + anti-VEGF) (table S10) 
(10). The results of the Colo205 model demon- 
strate that the VEGF binding component of 
bH1-44 is inhibiting tumor growth (P < 0.0001, 
n= 10 mice, compared with the control IgG treated 
group), as Herceptin alone has no effect (P= 0.12, 
n = 10). The BT474M1 model indicates that the 
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HER2 binding component of bH1-44 is active 
(P < 0.0001, m = 7), because the effect observed 
with the anti-VEGF control antibody is not sig- 
nificant (P = 0.6, n = 7) (Fig. 3B). 

Hence, bH1-44 appears to have the pharma- 
cological activity of a VEGF blocking antibody 
and a Herceptin-like antibody, although we do 
not yet know whether bH1-44 is as effective as 
Herceptin or anti-VEGF administered separately 
or in combination. Whether there is a therapeutic 
benefit to co-targeting the tumor cell prolifera- 
tion mediated by HER2 and tumor angiogenesis 
mediated by VEGF is a question currently being 
evaluated in clinical trials combining Herceptin 
and bevacizumab in breast cancer patients (22-24). 
If the drug combination is found to be beneficial, 
then dual specific antibodies like bH1-44 may merit 
further exploration as potential therapeutics. 

Various bi-targeting antibody formats that as- 
semble two distinct antibody fragments into one 
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molecule have previously been described (25, 26). 
In contrast to these bispecific formats, the dual 
specific “two-in-one” antibody we describe has 
the molecular structure of a regular IgG (or Fab). 
It has all the favorable attributes of an IgG for 
therapeutic development, such as predictable phar- 
macokinetic properties, well established manufac- 
turing protocols, choice of Fc-mediated effector 
functions, and bi- or mono-valencies (25). 

In summary, we have demonstrated that an 
antigen binding site is capable of interacting with 
two unrelated protein antigens with high af- 
finity. The dual specific antibodies reported here 
are derived from a monospecific antibody through 
mutations in the periphery of the antigen binding 
site in the LC CDRs. This strategy is a general 
one and can be applied to create dual specific 
antibodies against two distinct antigens. The 
mutational analysis of bH1 and bH1-44 (Fig. 2 
and fig. S8) suggested that the dual specificity 
could be switched to monospecific binding to 
either antigen (/0). Indeed, bH1-44 lost binding 
to VEGF but retained HER2 binding when mu- 
tating two LC residues. Similarly, two alanine 
mutations in the HC drastically reduced the af- 
finity for HER2 while preserving tight binding 
for VEGF (fig. S9). This finding highlights how 
a limited number of mutations in the antigen 
binding site can alter specificity or add a distinct 
specificity. During development of the natural 
antibody repertoire, the antigen binding sites often 
undergo diversification by exchanging the V;, 
that pairs with a Vy, (6). Somatic mutations also 
occur frequently, in particular among the res- 


idues in the periphery of the antigen binding site 
(27-30). Our studies reveal a mechanism by 
which one antibody can diverge into many anti- 
bodies with distinct specificity profiles. This mech- 
anism may contribute to the large capacity of 
the natural antibody repertoire for diverse anti- 
gen recognition. 
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Ankyrin-G Promotes Cyclic 
Nucleotide—Gated Channel Transport 
to Rod Photoreceptor Sensory Cilia 


Krishnakumar Kizhatil,? Sheila A. Baker,” Vadim Y. Arshavsky,” Vann Bennett?* 


Cyclic nucleotide—gated (CNG) channels localize exclusively to the plasma membrane of 
photosensitive outer segments of rod photoreceptors where they generate the electrical response 
to light. Here, we report the finding that targeting of CNG channels to the rod outer segment 
required their interaction with ankyrin-G. Ankyrin-G localized exclusively to rod outer segments, 
coimmunoprecipitated with the CNG channel, and bound to the C-terminal domain of the 
channel 81 subunit. Ankyrin-G depletion in neonatal mouse retinas markedly reduced CNG channel 
expression. Transgenic expression of CNG channel B-subunit mutants in Xenopus rods showed 
that ankyrin-G binding was necessary and sufficient for targeting of the 61 subunit to outer 
segments. Thus, ankyrin-G is required for transport of CNG channels to the plasma membrane 


of rod outer segments. 


yclic nucleotide-gated (CNG) channels 
initiate the electrical responses to light 
in photoreceptors and to chemical stimuli 
in olfactory neurons (/). CNG channels are seg- 
regated to sensory cilia, where visual and olfac- 
tory signal transduction takes place. This precise 
intracellular localization is dependent on the 
channel’s B subunit (CNG-B1, CNGB1) in both 


classes of neurons (2-4). However, the molec- 
ular mechanism(s) of CNG channel targeting to 
the plasma membrane of sensory cilia, where 
this channel normally functions, are unclear. 
Ankyrin-G is a versatile membrane adaptor 
involved in the formation and maintenance of 
diverse specialized membrane domains (5—9). 
Ankyrin-G is localized exclusively to rod outer 


segments (ROSs), where it was found along with 
CNG channels that have been localized to the 
ROS plasma membrane (/0, //) (Fig. 1, A and 
B). In contrast, the plasma membrane of the inner 
segment was lined with ankyrin-B, which is re- 
quired for the coordinated expression of the Na’- 
and K*-dependent adenosine triphosphatase 
(ATPase), Na’ and Ca‘ exchanger, and B2-spectrin 
(12) (Fig. 1A). Localization of ankyrin-G to the 
plasma membrane was evident in isolated mouse 
ROSs, but was better demonstrated in frog ROSs, 
which are three to four times as large in diam- 
eter (Fig. 1B). Ankyrin-G also localized in the 
olfactory sensory cilia and the principal piece of 
sperm flagella, together with CNG-B1 (4, /3) 
(fig. S1). We treated isolated bovine ROSs with 
a cleavable cross-linker, solubilized them in 0.1% 
SDS, and used ankyrin- or CNG-$1—specific anti- 
bodies for immunoprecipitation. We observed the 
reciprocal coimmunoprecipitation of CNG-B1 and 
ankyrin-G (Fig. 1C). The interaction with ankyrin-G 
was specific, because CNG-B1 was not precipitated 
by nonimmune or ankyrin-B-specific antibodies, 


Department of Cell Biology, Duke University Medical Center, 
Durham, NC 27710, USA. “Department of Ophthalmology, 
Duke University Medical Center, Durham, NC 27710, USA. 


*To whom correspondence should be addressed. E-mail: 
benne012@mc.duke.edu 


20 MARCH 2009 VOL 323 SCIENCE www.sciencemag.org 


and the major ROS-specific protein, rhodopsin, 
was not precipitated in either case (Fig. 1C). 

The CNG channel binding to ankyrin-G was 
further evaluated using a HEK 293 cell-based 
assay for detecting ankyrin-membrane protein 
interactions (/4). In this assay, overexpressed 
exogenous ankyrin-G fused to the C terminus of 
green fluorescent protein (GFP) (ankyrin-G-GFP), 
which is normally localized to the cytoplasm, is 
recruited to the plasma membrane when ankyrin 
binding partners, such as neurofascin, are coex- 
pressed. CNG-o.l expressed in HEK 293 cells 
localized to the plasma membrane but did not 
recruit ankyrin-G-GFP (Fig. 1D), whereas CNG- 
B1 failed to localize to the plasma membrane of 
these cells when expressed by itself (fig. S2). 
Coexpression of CNG-a and CNG-f does yield 
functional heterotetrameric channels in the plasma 
membrane of HEK 293 cells (5). Such coexpres- 
sion also resulted in efficient plasma membrane 
recruitment of ankyrin-G-GFP (Fig. 1E); complete 
recruitment was observed in 65% of cells co- 
expressing the three proteins (7 = 50). Ankyrin-B— 
GFP was not recruited to the plasma membrane 
under similar conditions (Fig. 1E), which indicated 
that CNG-B1 interacts with ankyrin-G. 

We next sought to evaluate whether ankyrin-G 
is required for localization of CNG channels to 
ROSs in vivo, using short hairpin RNA (shRNA) 
to deplete (knockdown) ankyrin-G expression in 
neonatal mouse retinas. We injected a mixture 
of a plasmid encoding shRNA targeting mouse 
ankyrin-G in 10-fold excess over a plasmid encod- 
ing GFP into the eyes of newborn pups followed 
by electroporation (/6). Under these conditions, 
rods expressing GFP are typically co-transfected 
with the shRNA plasmid. Two weeks post in- 
jection, photoreceptors transfected with control 
shRNA expressed GFP, displayed normal mor- 
phology, and were robustly immunostained with 
ankyrin-G (Fig. 2). In contrast, photoreceptors 
transfected with ankyrin-G shRNA (GFP’) dis- 
played a major reduction in the ankyrin-G im- 
munofluorescence in ROSs [20 to 30% of control, 
based on immunofluorescence intensity of sam- 
ples on the same slide (fig. S3)], and their ROSs 
were significantly shortened [average length of 
4.7 um versus 15.5 um in control rods (n = 25); 
compare rhodopsin-labeled sections]. The im- 
munofluorescence levels of both CNG-B1 and 
CNG-o.l were also markedly reduced, to a degree 
comparable with the ankyrin-G reduction (Fig. 2 
and fig. S3). In contrast, rhodopsin levels esti- 
mated by fluorescence intensities of samples on 
the same slide were similar for control ROSs 
and ROSs expressing ankyrin-G shRNA (Fig. 2 
and fig. $3). The shortened ROS phenotype in 
ankyrin-G-depleted retina was more severe than 
reported for mice lacking the CNG-f1 subunit 
(2). Thus, ankyrin-G plays role(s) in either as- 
sembly and/or maintenance of ROSs in addition 
to localization of the CNG channel. This result 
is similar to the requirement of ankyrin-G for 
biogenesis of the lateral membrane in cultured 
columnar epithelial cells (77). 


The reduction in CNG channel expression in 
ankyrin-G-depleted rods could be explained by a 
requirement for ankyrin-G in targeting the channel 
to ROS plasma membrane fiom the endoplasmic 
reticulum or Golgi located in the inner segment. 


Indeed, ankyrin-G is required for both post-Golgi 
transport and immobilization of its binding partner 
E-cadherin in epithelial cells (6). To test this hy- 
pothesis, we needed to identify CNG-B1 mutants 
lacking ankyrin-G binding. We first determined 
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Fig. 1. Ankyrin-G is restricted to photoreceptor outer segments and binds the rod CNG channel. (A) 
Colocalization of ankyrin-G (AnkG, red, left two columns) with CNG channel (CNG-B1, green) in ROSs 
and colocalization of ankyrin-B (AnkB, red, right two columns) with Na‘- and K*-dependent ATPase 
(NKA) (green) in inner segments (IS). A schematic of a rod cell is shown to the right. (B) Ankyrin-G (red) 
localizes to the plasma membrane of isolated mouse and frog ROSs labeled with CNG-61—specific 
antibody (green). ROS tangential sections are shown (top) and longitudinal sections (bottom). (C) 
Coimmunoprecipitation of ankyrin-G with CNG-B1 channels from bovine ROS extracts. Antibodies used 
for precipitations are indicated on the top (immunoglobulin G, IgG), antibodies used for protein de- 
tection are indicated on the left. (D) CNG-c1 (white) alone does not recruit ankyrin-G—GFP (green) to 
the plasma membrane of HEK 293 cells. (E) Ankyrin-G—GFP (green) is recruited to the plasma mem- 
brane of HEK 293 cells coexpressing CNG-B1 (red) and CNG-o1 (white). Scale bars: 5 um in (A), 10 um 
in (D) and (E). 
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Fig. 2. Ankyrin-G is required for ROS morphogenesis. Retinas of newborn mice were electroporated with 
either ankyrin-G shRNA or control pFIV (3 ug/ul) plasmid, each mixed with pCAGGS-GFP (0.3 ug/ul) (22). 
Ankyrin-G (AnkG) staining is shown in green. The staining of rhodopsin (left), CNG-B1 (center), and CNG- 
11 (right) is shown in red. GFP staining is shown in white. Scale bars, 10 uum. 
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whether ankyrin-G bound to either the N- or C- 
terminal cytoplasmic domain of CNG-B1 (Fig. 
3A). Ankyrin-G-GFP was coexpressed with pro- 
tein constructs in which the ankyrin-binding do- 
main of neurofascin was replaced with either 
the entire cytoplasmic N or C terminus of human 
CNG-B1 [NF-CNG-BN (amino acids | to 654) 
and NF-CNG-BC (amino acids 1041 to 1251), re- 
spectively (Fig. 3A)]. Ankyrin-G interacted only 
with the C-terminal domain of CNG-B1, both in 
the HEK 293-—based plasma membrane recruit- 
ment assay (fig. S4) and coimmunoprecipitation 
experiments (Fig. 3B). Immunoprecipitation ex- 


periments in HEK cells were performed in the 
absence of a cross-linking reagent. 

A truncation of the C-terminal 28 residues of 
CNG-B1 is associated with retinitis pigmentosa 
(RP; hCNG-BA28) (Fig. 3A) (/8). Indeed, neuro- 
fascin fused to the CNG-B1 C-terminal domain 
bearing this deletion failed to recruit or to coim- 
munoprecipitate ankyrin-G-GFP (fig. S2A and 
Fig. 3B). Additional deletion mutagenesis (naCNG- 
BC1243 and hCNG-BC1236, Fig. 3C) (/9) nar- 
rowed the interaction site to a seven—amino acid 
stretch in this region (Fig. 3C, underlined, and 
fig. S4B), and alanine-scanning mutagenesis re- 
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Fig. 3. The ankyrin-G—binding site resides in a C-terminal motif of CNG-B1. (A) Schematic diagrams of 
rod CNG-B1 (top) and HA-tagged neurofascin (HA-NF) chimeras with CNG-B1 (bottom). Numbers within 
parentheses indicate the amino acid ranges of the CNG-B1 polypeptide fused to neurofascin. The 
abilities of chimeras to recruit ankyrin-G—GFP to plasma membrane of HEK 293 cells is indicated by + 
or — (AnkBD, ankyrin-binding domain). (B) Ankyrin-G—GFP was coexpressed in HEK 293 cells with the 
chimeras shown in (A), cells were lysed, and proteins were immunoprecipitated by HA-specific anti- 
bodies. Immunoblots of samples from the starting material (left) and precipitated proteins (right) were 
probed with HA- or GFP-specific antibodies. Lane numbers correspond to the numbered chimeras in (A). 
(C) Sequence of the 28 C-terminal amino acids of human CNG-B1 and homologous regions from other 
vertebrates (19). Arrows indicate sites of C-terminal deletions hCNG-8C1243 and hCNG-6C1236 used to 
identify residues critical for ankyrin-G binding. Colored residues were mutated to alanine; those in red 
were critical for ankyrin-G binding and those in green were neutral. The human CNG-B1—f-dystroglycan 
chimera (hCNGB-DAG) is shown at the bottom with the dystroglycan sequences marked in blue. (D) 
CNG-B1 (lane 1) CNG-BA 28 (lane 2) and CNG-B1 1L1237AA (lane 3) were coexpressed with CNG-o1 in 
HEK 293 cells and immunoprecipitated using the CNG-B1-—specific antibodies. Each CNG-B1 mutant 


normally coprecipitated with CNG-o1, but failed to bind endogenous ankyrin-G. Starting material is 
shown on the left and immunoprecipitates on the right. 
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Fig. 4. Ankyrin-G binding is necessary and sufficient for CNG-B1 transport to ROSs of transgenic Xenopus. 
Retina sections in each panel are stained with CNG-B1-specific antibody (red) and TOTO-3 to label the 
nuclei. Nontransgenic tadpole control on the left demonstrates that this antibody does not recognize the 
endogenous channel. Other panels depict the localization of wild-type (WT) human CNG-f11 or its mutants 
(indicated above each panel; see results for abbreviations). Scale bar, 5 uum. 


vealed that the highly conserved residues Ile'?*” 


and Leu'** were essential for ankyrin-G binding 
(fig. S4B and Fig. 3C). Mutant CNG-B1 (RP de- 
letion or IL1237AA mutation, in which alanine (A) 
replaced isoleucine (I) and leucine (L) at positions 
1237 and 1238, respectively) coexpressed with 
CNG-al in HEK 293 cells failed to bind ankyrin-G 
without affecting the normal CNG-al and CNG- 
B1 association (Fig. 3D). 

To test whether ankyrin-G binding was required 
for delivery of the channel to outer segments, 
human CNG-f1, either wild type or mutants un- 
able to interact with ankyrin-G, were expressed in 
the rods of transgenic Xenopus laevis (20). We used 
a specific antibody against human CNG-B1 (2/) 
to distinguish it from the endogenous Xenopus 
CNG-B1 (Fig. 4). Wild-type human CNG-B1 (WT) 
was found in ROSs in a distinctive pattern con- 
sistent with its plasma membrane localization 
(Fig. 4). In marked contrast, both the RP (A28) and 
1L1237AA mutants were confined to perinuclear 
sites within rod cell bodies and were completely 
absent from ROSs (Fig. 4). 

We next tested whether an ankyrin-G—binding 
site from an unrelated protein was sufficient for 
targeting CNG-B1 to ROSs. The native site in 
CNG-B1 required for interaction with ankyrin- 
G was replaced with 14 amino acids from f- 
dystroglycan, which binds ankyrin-G directly (5) 
and has little sequence similarity with the CNG- 
B1 motif (Fig. 3C). The CNG-B1—dystroglycan 
(CNG-B-DAG) chimera associated with ankyrin-G 
when coexpressed with CNG-o. in HEK 293 cells 
(fig. S5). When expressed in transgenic Xenopus, 
this chimera was targeted to the ROSs plasma 
membrane; however, the mutant CNG-B-DAG 
IIF/AAA chimera lacking the ankyrin-binding 
site (fig. S5) (5) was retained in the photoreceptor 
cell body (Fig. 4). Because there is no retrograde 
movement of membrane proteins from ROSs 
back into the cell body (22), we conclude that 
ankyrin-G binding is both necessary and suffi- 
cient for trafficking CNG-1 to the outer segment. 
The ankyrin-G pathway could intersect with the 
microtubule motor Kifl7/osm3, which is found 
in ROSs (23) and is required for ciliary transport 
of olfactory CNG channels when expressed in 
MDCK cells (3). Another question relates to the 
specific B-spectrin partner of ankyrin-G in ROSs. 
Ankyrins partner with B-spectrins in performing 
their scaffolding roles in the membrane cytoskel- 
eton and in mediating post-Golgi transport through 
interactions with phospholipids and motor pro- 
teins (24-27). B2-Spectrin found in inner seg- 
ments (28) is reduced in the retina with or without 
ankyrin-B (/2) and thus is a likely partner for 
ankyrin-B there. §4-Spectrin is associated with 
ankyrin-G in axon initial segments and is present 
in rod inner and outer segments (fig. S4), where 
its presence makes it a plausible ankyrin-G part- 
ner in ROSs. 

Ankyrin-G accomplishes two critical func- 
tions in photoreceptors: It is required for trans- 
port of CNG-B1 from its site of synthesis and 
the assembly and/or maintenance of ROSs. This 


20 MARCH 2009 VOL 323 SCIENCE www.sciencemag.org 


resembles the role of ankyrin-G in axon initial 
segments, where it binds to and coordinates the 
localization of three proteins required for the ini- 
tiation and regulation of action potentials (Nav1.6, 
KCNQ2 and 3 channels, and 186-kD neurofascin) 
(29, 30). Without ankyrin-G, axon initial segments 
lose these proteins and express dendritic markers 
(32). In epithelial cells, ankyrin-G is required both 
for targeting E-cadherin to the plasma membrane 
and for biogenesis of the lateral membrane (6, 17). 
We hypothesize that, in addition to targeting the 
CNG channel, ankyrin-G can interact with other 
ROS membrane proteins, as well as proteins re- 
quired for their ROS trafficking, and these inter- 
actions are essential for ROS morphogenesis. A 
conserved ankyrin-G—based mechanism may thus 
be shared by photoreceptors, neurons, and epithe- 
lial cells that accomplishes both the targeting of 
membrane-spanning proteins to specialized plasma 
membrane domains as well as assembly and/or 
maintenance of these domains. 
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The Surprising Power of 


Neighborly Advice 


Daniel T. Gilbert,?* Matthew A. Killingsworth,* Rebecca N. Eyre,* Timothy D. Wilson” 


Two experiments revealed that (i) people can more accurately predict their affective reactions to a 
future event when they know how a neighbor in their social network reacted to the event than 
when they know about the event itself and (ii) people do not believe this. Undergraduates made 
more accurate predictions about their affective reactions to a 5-minute speed date (n = 25) and to 
a peer evaluation (n = 88) when they knew only how another undergraduate had reacted to these 
events than when they had information about the events themselves. Both participants and 
independent judges mistakenly believed that predictions based on information about the event 
would be more accurate than predictions based on information about how another person had 


reacted to it. 


ing to predict their affective reactions to 

future events, and these errors have social 
(J-3), economic (4-8), legal (9, 70), and medical 
(//—22) consequences. For example, people have 
been shown to overestimate how unhappy they 
will be after receiving bad test results (23), be- 
coming disabled (/4, 79-21), or being denied a 
promotion (24), and to overestimate how happy 
they will be after winning a prize (6), initiating 
a romantic relationship (24), or taking revenge 
against those who have harmed them (3). Re- 
search suggests that the main reason people mis- 
predict their affective reactions to future events is 


P eople make systematic errors when attempt- 
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that they imagine those events inaccurately (25). 
For example, people tend to imagine the essential 
features of future events but not the incidental 
features (26-28), the early moments of future 
events but not the later moments (/7, 24), and so 
on. When mental simulations of events are in- 
accurate, the affective forecasts that are based on 
them tend to be inaccurate as well. 

Attempts to improve the accuracy of affective 
forecasting have generally concentrated on im- 
proving the accuracy of mental simulation, and 
the results have been disappointing (29-33). Some 
interventions have failed (/6), and those that 
have successfully reduced forecasting errors in 
one situation have typically failed to reduce them 
in others (27, 29). But mental simulation is not 
the only way to make an affective forecast. The 
17th century writer Francois de La Rochefoucauld 
suggested that rather than mentally simulating a 
future event, people should consult those who 


have experienced it. “Before we set our hearts too 
much upon anything,” he wrote, “let us first ex- 
amine how happy those are who already possess 
it” (34). La Rochefoucauld was essentially 
suggesting that forecasters should use other peo- 
ple as surrogates for themselves, and the ad- 
vantages of his “surrogation strategy” are clear: 
Because surrogation does not rely on mental 
simulation, it is immune to the many errors that 
inaccurate simulations produce. 

The disadvantages of surrogation are also 
clear: Individuals differ, and thus, one person’s 
affective reaction is almost certainly an imperfect 
predictor of another’s. But there are at least two 
reasons to suspect that affective reactions are not 
as different as people may believe. First, affective 
reactions are produced in large part by physio- 
logical mechanisms that are evolutionarily an- 
cient, which is why people the world over have 
very different beliefs and opinions but very simi- 
lar affective reactions to a wide range of stimuli 
(35), preferring warm to cold, satiety to hunger, 
friends to enemies, winning to losing, and so on. 
An alien who knew all the likes and dislikes of a 
single human being would know a great deal 
about the entire species. Second, people tend to 
marry, befriend, work with, and live near those 
who share their preferences and personality 
traits (36, 37), and thus the people from whom 
they are especially likely to receive surroga- 
tion information—the neighbors in their social 
networks—are especially likely to share their 
affective reactions. In short, there is little dis- 
agreement among people about the sources of 
pleasure and pain, and even less disagreement 
among neighbors. These facts suggest that sur- 
rogation may be more powerful than people 
realize. 
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We tested this hypothesis in two experiments. 
The events we studied were (i) speed dating, in 
which undergraduate women predicted how much 
they would enjoy a 5-min speed date with an 
undergraduate man, and (11) peer-evaluation, in 
which undergraduates predicted how they would 
feel after being evaluated by a peer (38). In both 
experiments, we gave participants either infor- 
mation that allowed them to simulate the future 
event (simulation information) or information about 
the affective reaction of a fellow undergraduate 
who had experienced the same event in the past 
(surrogation information). We predicted that par- 
ticipants would make more accurate affective fore- 
casts when they knew nothing about the future 
event and knew only how someone in their social 
network had reacted to it. 

In experiment 1, we created a speed-dating 
service in which undergraduate men and women 
had brief “getting acquainted” conversations. We 
included 8 men and 33 women who were under- 
graduates at Harvard University, unmarried, and 
self-identified as heterosexual. There were eight 
speed-dating sessions, each of which included 
one of the eight men and between two and eight 
of the women. No one participated in more than 
one session. In each session, the man was first 
escorted to the speed-dating room, where he com- 
pleted a short personal profile listing his name, 
age, height, hometown, and residence, as well as 
his favorite movie, sport, book, song, food, hang- 
out, and college class. His photograph was taken 
and printed. Next, a woman was escorted to the 
speed-dating room and left to have a 5-min pri- 
vate conversation with the man. Next, the exper- 
imenter escorted the woman to another room 
where she reported how much she had enjoyed 
the speed date by marking a 100-mm continu- 
ous “enjoyment scale” whose end points were 
marked not at all and very much. This report is 
hereinafter referred to as her affective report. 

Next, a second woman was given one of 
two kinds of information: simulation information 
(which consisted of the man’s personal profile 
and photograph) or surrogation information 
(which consisted of the affective report provided 
by the first woman). The second woman was 
then asked to predict (on the enjoyment scale) 
how much she would enjoy her speed date with 
the man. This prediction is hereinafter referred to 
as her affective forecast. 

After making her prediction, the second wom- 
an was shown the kind of information (simulation 
or surrogation) that she had not already received. 
We did this to ensure that each woman had the 
same information about the man before the actual 
speed date. The only difference between the two 
conditions, then, was whether the second woman 
had surrogation information or simulation infor- 
mation when she made her forecast. 

Next, the second woman was escorted to the 
dating room, had a speed date, and then reported 
how much she enjoyed it (on the enjoyment 
scale). This report is hereinafter referred to as her 
affective report. The second woman also reported 


whether she believed that simulation informa- 
tion or surrogation information would have al- 
lowed her to make the more accurate prediction 
about the speed date she had and about a speed 
date that she might have in the future. This pro- 
cess was repeated in an alternating pattern for 
each additional woman until the session ended. 
[For a full description of the procedure, see 
(39)]. 

Affective forecasting error was calculated by 
taking the absolute difference between the affec- 
tive forecast and affective report of each woman 
(except the first woman, who made no affective 
forecast). Raw data may be seen in fig. S1, a 
and b. Women were considerably more accurate 
when they used surrogation information (mean + 
SD, 11.42 + 8.70 mm) than when they used sim- 
ulation information (22.38 + 10.79 mm) [4(23) = 
2.78, P = 0.01]. Relative to simulation, surroga- 
tion reduced the size of the affective forecasting 
error by 49%. Ironically, 75% of the women 
believed that simulation information would have 
allowed them to make a more accurate forecast 
about their date with the man they met, and 84% 
believed that simulation information would allow 
them to make a more accurate forecast about a 
future date with a different man. 

One potential concern about these results is 
that the simulation information (which was pro- 
vided by the men) may not have been entirely 
accurate, and its inaccuracy may have contrib- 
uted to the inaccuracy of the forecasts that were 
based on it. The data do not support this sug- 
gestion. If men portrayed themselves as better 
than they actually were, then women who used 
simulation information should have overestimated 
how much they would enjoy the date. In fact, 
women underestimated how much they would 
enjoy the date (see supporting online text). None- 
theless, we conducted a second experiment in 
which simulation information was completely 
accurate. In addition, we collected data on the 
perceived utility of simulation and surrogation 
from an independent panel of judges rather than 
from the participants themselves. 

Experiment 2 had three parts. In part one, 17 
women and 8 men who were undergraduates at 
Harvard University served as surrogates. Surro- 
gates were told that they would write a story and 
that a peer in an adjoining room would evaluate 
the story and use it to classify them as one of 
three personality types. In fact, there was no peer. 
Surrogates read detailed descriptions of the type 
A, type B, and type C personalities. The de- 
scription of the type A personality was positive, 
the description of the type B personality was 
neutral, and the description of the type C per- 
sonality was negative. For example, people with 
type C personalities were said to “sacrifice their 
beliefs because they seek contentment rather than 
challenge” and “when long-term relationships 
end it is usually because the person’s partner 
has found a more suitable alternative.” Previous 
studies have shown that few people classify 
themselves as type C, and most feel unhappy 


when they are so classified by a peer (24, 40). 
Surrogates then wrote stories that were ostensibly 
given to their peer in the adjoining room. Ten 
minutes later, the experimenter informed the 
surrogates that they had been classified as type 
C by their peer. Ten minutes later, surrogates 
reported their current affective state by marking a 
continuous 100-mm “feeling scale” whose end 
points were labeled very bad and very good. 
These reports are hereinafter referred to as the 
surrogates’ affective reports. 

In part two, 28 men and 60 women who were 
undergraduates at Harvard University served as 
forecasters. Forecasters were also told that they 
would write a story and that a peer would eval- 
uate the story and then classify them as one of 
three personality types. Half the forecasters were 
randomly assigned to receive simulation infor- 
mation. These forecasters were shown complete 
descriptions of the three personality types and 
were asked to predict (on the feeling scale) how 
they would feel if their peer classified them as 
each of the three types. These forecasters, there- 
fore, had complete and accurate information 
about the upcoming event. 

The remaining forecasters were assigned to 
receive surrogation information. Instead of being 
shown the descriptions of the three personality 
types, these forecasters were shown the affective 
report of one randomly selected surrogate from 
part one who had been classified as a type C, and 
they were asked to predict how they would feel if 
their peer classified them as each of the three 
types. These predictions are hereinafter referred 
to as the forecasters’ affective forecasts. After 
making these forecasts, forecasters in the surro- 
gation condition were shown the descriptions of 
the three personality types. 

All forecasters then wrote a story, were told 
that their peer had classified them as a type C, and 
reported how they felt (on the feeling scale). 
These reports are hereinafter referred to as the 
forecasters’ affective reports. 

Affective forecasting error was calculated by 
taking the absolute value of the difference be- 
tween each forecaster’s affective forecast and af- 
fective report. (Raw data may be seen in fig. S2, a 
and b). As in experiment 1, forecasters were con- 
siderably more accurate when they used surro- 
gation information (12.50 + 14.10 mm) than 
when they used simulation information (33.75 + 
22.01 mm) [4(86) = 5.38, P< 0.001]. Relative to 
simulation, surrogation reduced the size of the 
affective forecasting error by 63%. 

In part three, 23 men and 40 women who 
were undergraduates at Harvard University served 
as judges. The judges were told about the pro- 
cedure for part one and were asked to rank sev- 
eral pieces of information based on how useful 
each piece would be in allowing them to estimate 
the affective response of a participant. These in- 
cluded simulation information (complete descrip- 
tions of each of the three personality types) and 
surrogation information (the affective report of 
another randomly selected participant). Judges 
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believed that simulation information would be 
more useful (rank, mean + SD, 1.45 + 0.694) than 
surrogation information (2.1 + 0.718) [#61) = 
4.18, P< 0.001). 

In two experiments, participants more accu- 
rately predicted their affective reactions to a fu- 
ture event when they knew how a neighbor in 
their social network had reacted to it than when 
they knew about the event itself. Women made 
more accurate predictions about how much they 
would enjoy a date with a man when they knew 
how much another woman in their social network 
enjoyed dating the man than when they read the 
man’s personal profile and saw his photograph. 
Men and women made more accurate predictions 
about how they would feel after being evaluated 
by a peer when they knew how another person in 
their social network had felt after being evaluated 
than when they previewed the evaluation itself. 
Although surrogation trumped simulation, both 
participants and independent judges had precise- 
ly the opposite intuition (4/). By a wide margin, 
they believed that simulation was more likely 
than surrogation to produce accurate affective 
forecasts. 

Two points are worthy of note. First, sur- 
rogation is by definition superior to simulation 
when individual differences are relatively small 
and simulations errors are relatively large, and it 
is inferior to simulation when the opposite is true. 
Although there is no way to know which of these 
is more typical in everyday life, the situations we 
studied—dating and peer-evaluation—are by no 
means exotic. Furthermore, our experiments pro- 
vided an especially conservative test of the power 
of surrogation because participants received surro- 
gation information from a person who happened 
to attend the same university as they did but with 
whom they had no personal relationship. In every- 
day life, people are likely to receive surrogation 
information from those with whom they affiliate, 
and because people affiliate with those who are 
similar, their surrogates are even more likely to 
share their preferences and predilections. This 
suggests that the potential utility of surrogation 
information may be greater in vivo than our ex- 
periments suggest. 


Second, although our experiments demon- 
strate the power of surrogation, they also suggest 
that people may not normally take advantage of 
this power. Our participants mistakenly believed 
that simulation was the superior strategy even 
after it had failed them, which suggests that peo- 
ple may be reluctant to engage in surrogation if 
they have the opportunity to do otherwise. Partici- 
pants in the surrogation conditions of our experi- 
ments were unable to engage in mental simulation 
because they knew little or nothing about the fu- 
ture event and thus had no choice but to rely on 
the surrogation information we provided. But 
given people’s mistaken beliefs about the relative 
ineffectiveness of surrogation and their misplaced 
confidence in the accuracy of their own mental 
simulations (39), it seems likely that in everyday 
life, La Rochefoucauld’s advice—like the advice 
of good neighbors—is more often than not ig- 
nored. When we want to know our emotional 
futures, it is difficult to believe that a neighbor’s 
experience can provide greater insight than our 
own best guess. 
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New Products 


Expression Kits 


Qiagen 


www.qiagen.com 


ELISA Development Kits 

Immunoset enzyme-linked immunosorbent assay (ELISA) kits, for 
assaying proteins in various matrices, contain the basic compo- 
nents and protocol for the development of five 96-well colorimetric 
enzyme immunoassays. The manufacturer plans to develop addi- 
tional kits for the detection of mouse and rat heme oxygenase-1 and 
p53/MDM2 complexes. 

Assay Designs 

For information 800-833-8651 

www.assaydesigns.com 


Circulating Baths 

Model 9112 and Model 9012 Refrigerating/Heating Circulating Baths 
deliver +0.01°C temperature stability, a temperature range of -20 to 
200°C, six-liter reservoir, and remote temperature control capability. 
They are suitable for use with Abbe refractometers. The heart of the 
systems is the programmable controller, which features an LCD display, 
multilanguage help menus, and sophisticated time and temperature 
programming. The controller can store up to 10, 50-step programs and 
offers extensive data logging capability, including communications 
support for Microsoft Excel, National Instruments LabView, and the 
Palm OS. Other standard features include user-settable high and low 
temperature alarms, a variable-speed pump capable of closed and open 
loop external circulation, and a built-in RS-232 interface. Model 9112 
requires less than a square foot of bench space, and the low-profile 
Model 9012 fits on a shelf. 

PolyScience 

For information 800-229-7569 

www.polyscience.com 


Reversible Protein Stain 

The BLOT-FastStain is for reversible protein staining on nitrocellulose 
and polyvinylidene fluoride (PVDF) transfer membranes. It stains only 
protein and leaves the background untouched and brilliant white, 
resulting in high band visibility. The staining procedure takes 10 minutes 
and has a Sensitivity of 2 ng bovine serum albumin, which is higher than 
silver stains. The membrane can be destained simply by rinsing it in 
warm water for 10 minutes. Staining and destaining do not affect the 
biological properties of the proteins. After destaining, protein bands 
can be probed with protein immunoblot protocols and other analyses, 
including sequencing work. 

G-Biosciences 

For information 314-991-6034 

www.GBiosciences.com 


For information 240-686-7686 


QlAgenes Expression Kits provide a comprehensive set of ready-cloned plasmids with synthetic genes 
covering the entire human genome. The kits are designed to be an alternative to protein production 
using E. coli cells. The kits make use of synthetic cDNA with a human genome sequence optimized for 
expression in E. coli, insect, or mammalian cells. This optimized sequence increases protein yields as 
much as 50-fold and produces expression success rates as high as 90 percent. The kits include ready- 
to-go vectors, but are flexible enough to express only parts of a gene. 


Microscopy Catalog 

The 2008-2010 Electron Microscopy Sciences catalog is available 
on CD-ROM. This interactive catalog contains a complete collection 
of products for light microscopy, histology, and electron microscopy 
and general biological and materials research. It contains more than 
12,000 products, including 2,000 new items. In addition to the product 
descriptions, the CD-ROM contains a library of technical documents, 
including datasheets that provide procedures and protocols for sample 
preparation, newsletters, instrument manuals, and technical tips. The 
catalog runs on any web browser, has bookmarks for movement between 
catalog sections, and includes full search capability. 

Electron Microscopy Sciences 

For information 215-412-8400 

www.emsdiasum.com 


Benchtop Freeze-Dryers 

The Virtis Advantage Plus line of benchtop freeze-dryers, with up to three 
fluid-cooled shelves, maintain precise temperature control previously 
available only in pilot and production scale units. The Advantage Plus 
can be configured to freeze-dry bulk product or for applications in 
stoppered vials. Side-mounted manifold valves provide the additional 
flexibility to freeze-dry products in flasks. Three refrigeration choices 
are available for the large six-liter capacity condenser, depending on 
the type of product and solvents being lyophilized. The process control 
software provides the ability to develop a complete freeze-drying recipe 
together with the flexibility to program and control individual pressure 
and temperature settings at each step of the process. 

SP Industries 

For information 845-255-5000 

www.spindustries.com 


Direct Drive Robot 

The Direct Drive Robot (DDR) makes use of configurable Z-travel tech- 
nology to enable greater stacking of instruments and more functionality 
in a smaller footprint. The DDR offers high operational precision, 
reliability, and safety. It features a one-person, one-touch teaching mode 
for fast and easy configuration. In this mode, a teaching jig can be used 
to move the robot to any location. Once the desired position is reached, 
the user pushes a button, and a light blinks indicating the instrument 
has learned the position. There is no need to use a pendant to jog the 
arm into position, so less time is needed for repositioning and refining. 
Velocity 11 

For information 408-345-8044 

www.velocity11.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations 
are featured in this space. Emphasis is given to purpose, chief characteristics, and availabilty of products and materials. Endorsement by Science or AAAS of any prod- 
ucts or materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 
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BENNETT L. SMITH ENDOWED CHAIR IN 
BUSINESS AND NATURAL RESOURCES 


The Department of Earth and Planetary Sciences and 
the School of Business are seeking to fill an endowed 
chair at the level of FULL PROFESSOR or above with 
tenure. The successful candidate should have broad 
knowledge and experience in Earth sciences related to 
energy and climate as well as an understanding of rel- 
evant economic and business policies. A Ph.D. in Earth 
sciences and advanced studies in economics and busi- 
ness are required; experience with energy valuation mod- 
els is desired. We seek to build on existing strengths: 
(1) the geology of energy, basin analysis, global bio- 
geochemistry, and geophysics; (2) a growing energy in- 
stitute, with interests in carbon sequestration, biofuels, 
photovoltaics, and wind energy; and (3) a top-ranked 
business school. The successful candidate will take the 
lead in developing research, teaching, and service in en- 
ergy and the Earth. Expertise in evaluating commercial 
prospects of energy-oriented technologies is desired. 
Candidates with exemplary records in academia, govern- 
ment, or business are encouraged to apply. 

The salary range is competitive, commensurate with ex- 
perience and qualifications. Review will begin on June 1, 
2009, and will continue until the position is filled. Ap- 
plicants should submit a letter of interest, curriculum 
vitae, and the names and contact information for at least 
three references. All correspondence should be e-mailed 
to: 


Michael Carr, Chair 
Search Committee for Bennett L. Smith Chair 
School of Arts and Sciences, Rutgers University 
77 Hamilton Street, New Brunswick, NJ 08901 
Telephone: 732-932-7494 


E-mail: carr@rutgers.edu 
Affirmative Action/Equal Employment Opportunity. 


LABORATORY ASSISTANT, BIOLOGY 


Manhattan College is an independent, Catholic co- 
educational institution in the Lasallian tradition located 
in the Riverdale section of New York City. We ask our 
faculty, administration, and staff to be knowledgeable 
about our mission and to make a positive contribution 
to that mission. 

We seek a Laboratory Assistant to order supplies, 
keep inventory, store/dispose of materials, and coor- 
dinate laboratories for classes, including nonmajor 
biology laboratories and upper level microbiology 
and genetics. Will teach introductory laboratory for 
biology majors as well as laboratories for nonmajors. 

Master’s of Science degree required. Laboratory 
experience in making microbial culture media, molar 
solutions, and buffers recommended. Experience teach- 
ing in a laboratory setting a plus. Must work well in a 
team environment and have ability to work with di- 
verse group of faculty, staff, and students. Occasional 
evening and weekend work required. Please submit cur- 
riculum vitae and two letters of recommendation to: 

Human Resources/ Biology Search Committee 
MANHATTAN COLLEGE 
4513 Manhattan College Parkway 
Riverdale, New York 10471 
E-mail: humanresources@manhattan.edu 


Electronic submission of material is encouraged. 
Review of applications will begin March 30, 2009. 

Women and minorities are encouraged to apply. We are com- 
mitted to a diverse campus community. An Affirmative Action/ 
Equal Opportunity Employer, Minorities/Females/Persons with 
Disabilities /Veterans. 


Two-year POSTDOCTORAL ASSOCIATE po- 
sition available in our bovine mastitis research group. 
Qualifications: D.V.M./Ph.D. working in applied im- 
munology with experience in animal models. Submit a 
resume with names of three references to: Dr. Ynte 
Schukken, e-mail: yhs2@cornell.edu. 

Cornell University is an Affirmative Action/Equal Oppor- 
tunity Employer. 
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POSTDOCTORAL POSITIONS 
in Cardiovascular 
Molecular Signaling Networks 


Two NIH-funded positions are immediately 
available to study intracrine mechanisms of renin- 
angiotensin system actions in cardiac cells and 
animal models. Recent Ph.D. graduates in the 
biological sciences, with a background in immu- 
nohistochemistry, confocal imaging, intracellular 
trafficking, culture of neonatal and adult heart 
cells, RT-polymerase chain reaction, cell trans- 
fection, and small animal surgical techniques are 
encouraged to apply. 

Please forward a cover letter, curriculum vitae, 
and three reference letters to e-mail: kbaker@ 
medicine.tamhsc.edu or to: Kenneth M. 
Baker, M.D., Division of Molecular Cardiol- 
ogy, Mayborn Chair in Cardiovascular Re- 
search, Texas A&M Health Science Center, 
College of Medicine, 1901 South First Street, 
Building 205, Temple, Texas 76504. 


FACULTY POSITION 
in Spinal Cord and Brain Injury Research 
Indiana University School of Medicine 


The Stark Neurosciences Research Institute (SNRI) 
of the Indiana University School of Medicine is seeking 
an outstanding investigator for a tenure-track faculty 
position at the rank of ASSISTANT or ASSOCIATE 
PROFESSOR in its Spinal Cord and Brain Injury Re- 
search Group (SCBIRG). More senior candidates with 
outstanding credentials in research and extramural fund- 
ing may also be considered. Primary faculty appointments 
will be in the Department of Neurological Surgery and/ 
or the Department of Anatomy and Cell Biology, al- 
though other department affiliations are possible. Of 
particular interest are candidates with one or more of 
the following areas of expertise in spinal cord injury 
research: (1) molecular mechanisms underlying axonal 
guidance, plasticity, and regeneration, (2) cell death 
mechanisms and neuroprotection, (3) transplantation- 
mediated recovery of function, and (4) transgenic ani- 
mal models in spinal cord regeneration. 

Qualified applicants should have a Ph.D. and/or M.D. 
degree, at least several years of postdoctoral experience, 
and a consistent history of high-quality publications. Can- 
didates will be expected to develop a successful, funded 
research program and participate in graduate and medical 
student training. Exceptional resources include generous 
startup funding, ample laboratory space in a new research 
building, and access to excellent core facilities including 
DNA array and mass spectral analyses, viral vector gen- 
eration, transgenic facilities, multiphoton microscopy, 
and small animal functional imaging. 

Interested individuals should send curriculum vitae, a 
cover letter stating research interests and accomplish- 
ments, a prospectus of future research plans, and names 
and addresses of three professional references. Please 
address application materials to SCBI Faculty Search 
Committee and submit in electronic format to e-mail: 
snri@iupui.edu. Evaluation of applications will begin 
upon receipt and continue until the position is filled. 
Women and minority candidates are especially encouraged to apply. 
IU is an Equal Employment Opportunity /Affirmative Action Em- 
ployer, Minorities /Females/Persons with Disabilities. 


POSTDOCTORAL POSITION 
GERMLINE STEM CELLS 


Studies include culture, differentiation, and gene 
activity of male germline stem cells. See Science 
316:404, 2007, and J. Biol. Chem. 282:25842, 


2007. Send curriculum vitae, names of three ref- 
erences, and a letter describing research experience 
to: R. L. Brinster, School of Veterinary Med- 
icine, University of Pennsylvania, e-mail: cpope@ 
vet.upenn.edu. 
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NOVARTIS: GLOBAL EXCELLENCE IN VACCINES RESEARCH 


® Novartis Vaccines and Diagnos- 
tics is a division of Novartis focused 
on the research and development 
of preventive treatments. Novartis 
Vaccines is the world’s fifth-largest 
vaccines business and the second- 
largest manufacturer of influenza 
vaccines with important meningo- 
coccal, pediatric and travel vaccine 
franchises. 


With its scientific expertise and 
high degree of technological inno- 
vation the division is a solid land- 
mark for the international scenario 
in the fight against infectious dis- 
eases. 


Our goals are to deliver innovative 
products performing high quality 
science. We pioneered the intro- 
duction of genomics, bioinformat- 
ics and proteomics in our field as 
essential components of future sci- 
ence and jumped into them collab- 
orating with the best groups in the 
world. It is our belief that we have 
the right technologies and skills to 
play a relevant role in the vaccine 
field for the years to come. 


@ The Novartis Vaccines Research 
Center located in Siena (Italy) with 
its 255 scientists is among the 
most esteemed vaccines research 
environments worldwide. It is char- 
acterized by the high quality of the 
science and the multicultural com- 
munity that populates the center. 


Rino Rappuoli, since 2005 elected 
foreign associate of the National 


Ul) NOVARTIS 


VACCINES 


Academy of Sciences, one of the 
most reputable American scien- 
tific institutions, heads the Novar- 
tis Vaccines research group. The 
group includes a research facility 
in Cambridge (USA). When fully 
up and running, the Cambridge 
facility will employ 150 associates 
and focus on the research of viral 
diseases such as Respiratory Syn- 
cytial Virus, Influenza, Cytomega- 
lovirus, and HIV. 


The Siena Research Center is re- 
sponsible for the creation of most 
of those vaccines that are currently 
part of the Novartis pipeline. Some 
of the most innovative vaccines 
currently available on the market 
were conceived and developed in 
the Siena laboratories: ranging 
from the new MF59-adjuvanted 
seasonal and pandemic influenza 
vaccine to the conjugated vaccine 
against meningococcal type C. 


Novartis is a global leader in de- 
veloping and providing vaccines to 
protect against deadly meningo- 
coccal disease: in addition to the 
meningococcal serogroup C con- 
jugate vaccine, Novartis has devel- 
oped a late-stage investigational 
vaccine for the four other common 
meningococcal serogroups, A, C, 
W-135 and Y. 


Furthermore, Novartis Vaccines 
scientists pioneered an innovative 
approach called “reverse vaccinol- 
ogy” (a technique that uses infor- 
mation from a microbe’s genome 


to predict which of its proteins 
might be useful for vaccines) to 
develop the MenB vaccine, the first 
potentially broad coverage menin- 
gitis B vaccine to reach phase Ill 
clinical testing in 2008. 


B® Novartis has also a longstanding 
commitment to corporate citizen- 
ship, with numerous initiatives to 
improve access to medicines. In 
2007, it extended this objective 
to vaccines, creating the Novartis 
Vaccines Institute for Global Health 
(NVGH). This new institute, led by 
Allan Saul, leverages the research 
and development expertise and 
assets that exist within the Novar- 
tis Vaccines facilities in Siena, Italy. 
With NVGH’s not-for-profit mission, 
NVGH will focus on the translation- 
al research and development of 
vaccines for diseases that receive 
inadequate attention, especially 
those which are particularly devas- 
tating to developing countries. 


M@ The first NVGH projects are vac- 
cines for Salmonella and Shigella. 
In the future, NVGH will work on a 
range of viral, bacterial and para- 
sitic diseases. NVGH offers its staff 
the potential to make a significant 
impact on some of the major glob- 
al diseases, growing with a rapidly 
expanding organization and ben- 
efiting from the close proximity of 
the outstanding Novartis Vaccines 
& Diagnostics center of excellence 
in Siena. 


Offers 


Wl Novartis Vaccines Research Site Head Italy 

We are looking for a scientific leader with a track record of innova- 

tion, demonstrated scientific vision, and personal leadership. This 

person will report to the global head of Research, and will head 

the leading bacterial vaccine research center in the world. The Site 

Head will oversee a growing center of over 200 researchers involved 

in all aspects of vaccines research based in Siena Italy. The new Site 

Head will be a leader in their understanding of bacterial pathogens, 

and they will be familiar with all of the scientific components that 

make up a successful vaccine candidate. In addition they will have 

demonstrated the ability to lead a diverse group of scientists to- 

wards a common goal. The ideal candidate will have an extensive 

history of developing promising scientists into scientific leaders. 

The Site Head will be responsible for overseeing the development 

of the next generation of bacterial vaccines, while providing leader- 

ship for a large research facility, and ensuring that Novartis Vac- 

cines increases it scientific leadership in bacterial vaccines. 

We expect that the appointee will have a: 

« PhD with about 15+ years post doctoral experience in the area of 
infectious diseases 

+ Track record of attracting and developing promising new scientists 

« Exceptional publication record 

« Demonstrated capability to develop new vaccines 

* History of strong organizational and operational leadership 

* Strong network of global collaborators 

Location: Siena. In addition to an attractive salary package, Novar- 

tis Vaccines & Diagnostics offers extensive relocation support. 

For an application please e-mail to applications.nvdit@novartis.com 

Quote Job Reference: NVRHO01 


Hl Novartis Vaccines Academy Director 

The Novartis Vaccines Academy, based in Siena Italy, is intended to 

be the leading center for developing new vaccines researchers, pro- 

viding educational opportunities for graduate students, post-docs, 

and continuing education. The Academy Directory will be respon- 

sible for: 

+ Designing and implementing the curriculum of the academy 

* Overseeing the development of the students 

* Establishing contacts with academia and industry in the course 
of pursing its mission 

The Academy Director will be a leading vaccines scientist with a 

broad understanding of all the components of vaccine discovery 

and development. Ideally, a candidate will have a background in 

academic and laboratory leadership with demonstrated industry 

interaction would be ideal. A history of developing talented stu- 

dents is a strong plus. Ex-dean or department chairs in appropri- 

ate sciences would be strong candidates. 

In addition to broad mastery of vaccine science, academic leader- 

ship, and mentorship capabilitities we expect that the appointee 

will have the following: 

+ An PhD with 10+ years post-doctoral work experience in vaccine 
science and education 

* Excellent analytical and communication skills 

* Astrong track record in working with and managing external col- 
laborations 

* Experience working with national and international health orga- 
nizations 

Location: Siena. In addition to an attractive salary package, Novar- 

tis Vaccines & Diagnostics offers extensive relocation support. 

For an application please e-mail to applications.nvdit@novartis.com 

Quote Job Reference: NVADOO2 


Wi NVGH Exploratory Program Leader 

We are looking for a dynamic scientist with potential for a major lead- 

ership role within NVGH. This person will report to the CEO, Dr Allan 

Saul, and will head a team assessing the potential to turn a laboratory 

concept into a practical vaccine. Three criteria are important: 

* The technical feasibility of producing the vaccine 

* The likelihood that the vaccine induces a protective immune re- 
sponse 

* The likelihood that a successful vaccine would be used to make a 
significant impact on health 

The person will have a sufficiently broad working knowledge of 

infectious diseases of developing countries in all three areas to 

enable him/her to direct a team of specialists in generating the 

detailed experimental and public health information required. In 

addition to directing the overall exploratory program, the appointee 

will directly lead a team in the laboratory work required to design 

a vaccine and to establish initial immune indicators of protection 

for a vaccine with potential for development within NVGH. Thus this 

person will need excellent laboratory credentials. 

We expect that the appointee will have a: 

* PhD with about 10 years post doctoral experience in the area of 
infectious diseases 

* Track record of supervising postgraduate students and post-doc- 
toral positions 

* Strong publication record 

* Record of successful grant applications 

* Network of collaborators in the developed and developing world 

Location: Siena. In addition to an attractive salary package, Novartis 

Vaccines & Diagnostics offers extensive relocation support. 

For an application please e-mail to applications.nvdit@novartis.com 

Quote Job Reference: NVGHELOO1 


Wi NVGH Public Health Expert 

This person will be responsible for evaluating vaccine projects 

within the Exploratory Program for their potential public health im- 

pact and will report to the head of the Business Development and 

Partnership Section, Mae Shieh. The key issues that will drive such 

evaluations include: 

* Burden, including economic cost, of disease preventable by a 
vaccine 

+ Availability of alternative treatments 

* Cost of vaccine and vaccine delivery 

* Factors driving priorities and decision making in key individuals, 
national and international health organizations 

* Resources available in the constrained healthcare systems of de- 
veloping countries 

The appointee will also play a key role in developing the invest- 

ment case for vaccines at a more advanced state of development 

that will guide rational decision making by potential manufacturers, 

National Departments of Health and International Health Organiza- 

tions and funding agencies. 

The appointee is expected to have a sufficiently broad working 

knowledge the public health aspects of diseases of developing 

countries to enable him/her to direct or coordinate a team of spe- 

cialists in generating the detailed information required and have 

particular expertise in at least one of the disciplines required. The 

appointee will directly supervise a small team within NVGH working 

on one or more aspects to ensure an internal center of expertise. 

However, most of the information required will come through col- 

laborations with external groups. 

In addition to knowledge in epidemiology, disease burden, cost 

analysis, etc., we expect that the appointee will have: 

+ An advanced degree with 10 years work experience in public 
health, particularly in the developing world 

* Good analytical and communication skills 

* Astrong track record in working with and managing external col- 
laborations 

* Experience working with national and international health organi- 
zations 

Location: Siena. In addition to an attractive salary package, Novar- 

tis Vaccines & Diagnostics offers extensive relocation support. 

For an application please e-mail to applications.nvdit@novartis.com 

Quote Job Reference: NVGHPE002 


© Novartis Vaccines 2009 
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UCDAVIS 


SCHOOL OF MEDICINE 


CHAIR, Department of Biochemistry and Molecular Medicine 


The University of California, Davis, School of Medicine seeks an academic leader to chair the 
Department of Biochemistry and Molecular Medicine. We seek candidates with a Ph.D. and/or 
M.D. degree and training in biochemistry, molecular-based medical research, or a related field. 
The successful candidate is expected to have a distinguished record in research, teaching, 
administration and program development, and excellent interpersonal skills. Additionally, 
the candidate should have the ability to foster a school-wide and university-wide synergistic 
research approach in both basic and translational science. The recruitment package will include 
multiple faculty positions, research space and fiscal resources to support program departmental 
development. 


The Department of Biochemistry and Molecular Medicine has full-time Ph.D. and M.D./Ph.D. 
faculty in a variety of research areas, including eukaryotic gene expression, signal transduction, 
cancer biology, membrane biology, neurobiology, muscle physiology, protein structure function 
relationships, and human genetics. 


The School of Medicine and Department have facilities both on the main Davis campus and 
also in the heart of Sacramento, near the state capital building (ten miles east of Davis). This is 
in the center of northern California, ideally located between Lake Tahoe and San Francisco and 
offers urban, college town or other living options. There is a diverse community, with many 
entertainment, cultural and outdoor activities. Interested candidates should send their curriculum 
vitae, a statement of interests, and teaching and administrative responsibilities to: Donald M. 
Bers, PhD, Chair of the Biochemistry and Molecular Medicine Chair Search Committee, 
care of Megan Rott, via e-mail at megan.rott@ucdmce.ucdavis.edu, or via regular mail to 
Megan Rott, Office of Academic Personnel, UC Davis School of Medicine, PSSB Suite 1100, 
4150 V Street, Sacramento, CA 95817. For full consideration applications must be received 
by May 31, 2009. The position will remain open until filled. 


The University of California is an Affirmative Action / Equal Opportunity Employer. 


A FACULTY POSITION IN PLANT 
AND MICROBIAL BIOLOGY 


The Institute of Plant and Microbial 
Biology, Academia Sinica, Taipei is 
inviting applications for a research- 
focused faculty position in plant-microbe 
interactions, plant-related microbiology, 
secondary metabolites or microbial 
biotechnology. This position can be 
at the level of Assistant, Associate, or 
Full Research Fellow (equivalent to 


Faculty Position in Immunology 
and Pulmonology 


Massachusetts General Hospital 
Harvard Medical School 


The Center for Immunology and Inflam- 
matory Diseases and the Pulmonary and 
Critical Care Unit at the MGH are seeking 
an outstanding scientist to develop a rigor- 
ous independent research program to study 
mechanisms of immunity as it relates to the 
lung and pulmonary disease. The Center for 
Immunology and Inflammatory Diseases 
is a diverse, interactive group interested 
in basic mechanisms of immune-mediated 
diseases. Outstanding applicants whose 
programs address other areas of basic and 
translational immunology will also be con- 
sidered. Applicants may have an MD, PhD or 
MD/PhD degrees. Academic appointment at 
the Assistant or Associate Professor level will 
be in the Department of Medicine at Harvard 
Medical School. 


Applicants should submit a CV, research plan 
and the names of three references to Diane 
Qualters, dqualters@partners.org. 


Women and minority applicants are 
particularly encouraged to apply. 


Assistant, Associate, or Full Professor in 
a university) depending on the applicant’s 
experience. Excellent facilities and starter 
grants will be provided for the position. 


For details of the Institute and Academia 
Sinica, please visit the website at http:// 
ipmb.sinica.edu.tw/ Applicants are 
expected to have a Ph.D. degree plus 
postdoctoral training. Chinese language 
skills are NOT required and international 
scientists are encouraged to apply. 
The application folder should include 
curriculum vitae, a statement of research 
accomplishments, and future research 
plans. The application folder and at least 
three letters of recommendation should 
be sent to Dr. Teng-Yung Feng, Chair 
of Search Committee, Institute of Plant 
and Microbial Biology, Academia Sinica, 
128, Sec. 2, Academia Rd., Nankang, 
Taipei, Taiwan 11529 E-MAIL: nslin2@ 
gate.sinica.edu.tw. FAX: (+886)2-2782- 
1605. The review of applications will start 
on May 20, 2009 and continue until the 
position is filled. 


GB 


University at Butfala 
Phe State University of New Kok 


Neurodevelopmental or 
Neurodegenerative Disorders 


Professor and Director of 
Basic Sciences 


Hunter J. Kelly Research 
Institute 


The Hunter James Kelly Research Institute 
(http://www.huntershope.org/research/ 
default.asp) and the School of Medicine 
and Biomedical Sciences, University at 
Buffalo, The State University of New York, 
seek an established senior investigator in the 
area of Neurodegenerative Disease and/or 
Neurodevelopmental Disorders to serve as 
its founding Director of Basic Sciences. 
The successful applicant will have a pro- 
ductive and well-funded program of basic 
research in one of these areas, particularly 
as related to demyelinating diseases, and 
will qualify for appointment as Profes- 
sor in the most appropriate basic science 
or clinical department in the School. In 
addition to maintaining and expanding this 
research program, we seek an individual 
with the vision and leadership skills to 
effectively recruit additional faculty to the 
Institute, as well as playing a key role in 
our broader neuroscience program (http: 
//www.smbs.buffalo.edu/neuroscience). 
Funds are available to support generous 
startup packages for the Director as well 
as future recruits, and additional funds will 
be available to support ongoing Institute 
functions in the future. State of the art 
laboratory space will be provided in the 
New York State Center of Excellence in 
Bioinformatics and Life Sciences, located 
on our downtown campus adjacent to the 
Roswell Park Cancer Institute. In conjunc- 
tion with the Center, the School of Medicine 
and Biomedical Sciences supports core 
facilities in genomics, proteomics, micros- 
copy and imaging, and genetically modified 
organisms. Expansion of the University’s 
downtown campus to include a multi-story 
Clinical and Translational Research Center 
is underway, and will bring new clinical and 
basic science programs together in an excit- 
ing new interdisciplinary environment. 


Applications, including CV, brief 
description of research orientation, 
accomplishments and plans, and names 
of at least three references, should be 
addressed to: Dr. Kenneth Blumenthal, 
Chair, Department of Biochemistry and 
Chair HJIKRI Search Committee, School 
of Medicine and Biomedical Sciences, 
University at Buffalo, and submitted con- 
fidentially to www.ubjobs.buffalo.edu for 
posting number 0900075. Nominations 
and/or inquiries should be addressed to 
Dr. Blumenthal by telephone or email at 
kblumen@buffalo.edu. 


The University at Buffalo is an Affirmative 
Action/Equal Opportunity Employer. 


DIRECTOR KwaZulu-Natal Research Institute for TB and HIV 


The Howard Hughes Medical Institute (HHMI) and the University of KwaZulu-Natal 
(UKZN) have jointly established the KwaZulu-Natal Research Institute for Tuberculosis 
and HIV (K-RITH). Envisioned as an international center of excellence for research 
and training, K-RITH will be housed in a state-of-the-art BSL-3 laboratory facility 

on the campus of the Nelson Mandela School of Medicine in Durban, South Africa. 


K-RITH scientists will be uniquely positioned to use the tools of basic science to alleviate the deadly impact 
of TB and HIV in the epicenter of a dual epidemic of these diseases. The Institute is also expected to play 


an important role in the training of future research leaders in Africa. 


The Director of K-RITH will be charged with developing and leading a research program focused on the 
diagnosis, pathogenesis, treatment, and prevention of HIV and TB and, specifically, the interactions of these 
pathogens. Research collaborators will include Howard Hughes Medical Institute Investigators at Harvard 
Medical School and the Albert Einstein College of Medicine. The ideal candidate will be a highly accomplished 
scientist, as well as a recognized leader in TB or HIV research. The individual will also combine demonstrated 
leadership and management skills with a broad vision for developing a collaborative research environment and 


the capacity to realize the long-term potential for this vital enterprise. 


HHMI has committed to funding core research operations at K-RITH for 10 years. The appointment of 
the Director will be made jointly by HHMI and UZKN. HHMI will provide generous research support to 


the Director. 


Additional information about academic qualifications and other position requirements may be found at 
www.hhmi.org/k-rith. Applicants are asked to submit a three to five page vision statement for K-RITH, a 
two-page summary of current and future research interests, a curriculum vitae, and the names of three 
individuals who will act as references. Review of applications will begin after May 14, 2009. Preliminary 
interviews will be conducted in Durban in July 2009; final interviews will be in held Chevy Chase in 
September 2009. 


Application materials may be sent to: 


Jill Conley 

Director, International Programs 
Howard Hughes Medical Institute 
4000 Jones Bridge Road 

Chevy Chase, MD 20815 USA 
Email: k-rith@hhmi.org 


HHMI rer 


HOWARD HUGHES MEDICAL INSTITUTE KWAZULU-NATAL 
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The Faculty of Natural Sciences offers at the Institute for Theoretical 
Physics in the Department of Physics a 


W2-Professorship in Theoretical Physics 


limited on five years 


The Elite Network of Bavaria has established a physics degree course for 
top performing students with integrated doctoral college. The position 
offered involves teaching in this program. The applicant is expected to 
represent the field both in teaching and research. We are seeking a highly 
qualified scientist with an outstanding track record in statistical or soft 
condensed matter physics. The successful applicant is expected to 
interact with experimental and theoretical groups in the Department. 


Qualifications include university undergraduate and doctoral degrees, good 
teaching skills, and a habilitation or equivalent other qualification, which 
may have been gained outside the University or within a “Juniorprofessur”. 


At the time of appointment the candidate must not be older than 52 years 
of age. The Ministry for Science, Research and Art may allow an exception 
in special cases, which has to be approved by the Ministry of Finance. 


The University of Erlangen-Nirnberg is an equal opportunity employer. We 
strongly encourage women to apply in an effort to increase a female 
representation in research and teaching. 


Applications from the severely disabled having the same suitability for 
appointment as other candidates will be given priority. 


The position is to be filled by October 15*, 2009. 


Application documents (curriculum vitae, photograph, list of publications 
and teaching activities, certified copies of degree certificates but no 
publications) and a brief statement of research interests must be sent not 
later than April 30%, 2009 to: Dekan der Naturwissenschaftlichen 
Fakultat der Universitat Erlangen-Nurnberg, Universitatsstr. 40, 91054 
Erlangen, Germany. 


Friedrich-Alexander-Universitat 
Erlangen-Niirnberg 


SEAS MASH A 
The Institute of Brain Science, Fudan University 
Principal Investigator Positions 


The Institute of Brain Science, Fudan University, Shanghai, China, a newly 
established research institution supported by the National “985” Program of the 
Ministry of Education, is currently recruiting principal investigators (PIs) in the 
field of neuroscience. 


I. Senior PI 


Candidates should have a Ph.D. and/or M.D. degree and possess a 
long-standing research experience in brain science. Independent research 
capacity is absolutely needed. Those who have the experience of leading a 
laboratory will be given a favorable consideration. 


Candidates should have a systematic and impressive research record, with 
important papers published in peer-reviewed international journals of high 
reputation as a corresponding author. 


Candidates must work in the Institute for more than 9 months per year, 
when appointed. 


II. Junior PI 


Candidates should have a Ph.D. and/or M.D. degree and possess at least 
2-year postdoctoral experience. 


Candidates should have a good research record in brain science, with 
substantial papers published in peer-reviewed international journals as a 
corresponding author or the first author. 


Candidates must work in the Institute for more than 9 months per year, 
when appointed. 


Interested individuals please contact the Institute of Brain Science (E-mail: 
ibs@fudan.edu.cn, Tel: +86-21-54237641) for the application form, or send 
a package including CV, a list of publications, reprints of 3-5 representative 
Papers, a one page summary of the research accomplishments, and a 1-2 
page research proposal, and arrange to have 3 letters of reference sent to: 
Ms. Rong Chen, Institute of Brain Science, Mail Box 295, Fudan University, 
138 Yixueyuan Road, Shanghai 200032, China. The closing date for 
applications is May 15, 2009. 


For more information, please visit our website: www.fudan-iobs.com 


University of 
(Massachusetts 
UMASS Lowell 


Careers with Mass Appeal 


Assistant/Associate Professor 
(Tenure-Track) 


Clinical Laboratory and Nutritional Science 
School of Health and Environment 


Clinical Laboratory and Nutritional Sciences, a department within 
UMass Lowell’s School of Health and Environment, invites applications 
for a permanent, academic year, tenure-track appointment. 


This faculty member will teach Clinical Laboratory Instrumentation, 
Physiological Chemistry, and Organic Reactions and Structure and 
coordinate their laboratories; supervise on campus student research and 
advise students; and develop industry relations for Clinical Sciences 
students and for senior research projects/internships. Interdisciplinary 
research in biomedical device development and/or nanomedicine desirable. 


Candidates must hold an earned Doctorate in Biomedical or 

Clinical Chemistry or similar discipline; ASCP or NCA certification 
recommended. Applicants should Be recognized for teaching excellence; 
demonstrated record of scholarly research, secured grants and 
publications; and capacity to work with diverse populations. 


Academic Year: Fall 2009. 
Application review will begin immediately and continue until position is filled. 


Salary and rank are commensurate with qualifications and experience. 
Applicants should send a cover letter, statement of teaching and 

research interests, your curriculum vitae, and the names of three 
references to: Dr. Alease Bruce, Chairperson, Personnel Committee, 
School of Health and Environment, University of Massachusetts Lowell, 
3 Solomont Way, Suite 4, Lowell, MA 01854 USA OR email cover letter, 
statement of your teaching and research interests, your curriculum vitae, 
and the names of three references to search _clns09@uml.edu. Please 
include reference number FC02030901 in subject line of email. 


For complete job description, please visit www.uml.edu/hr/jobpostings. 


The University of Massachusetts is an Equal Opportunity/Affirmative Action Title 
IX, H/V, ADA 1990 Employer, and Executive Order 11246, 41 CFR60-741 4. 
41 CRF60-250 4, 41CRF60-1 40 and 41 CFR60-1,4 are hereby incorporated. 


Associate Director 
The Center for Photonics in 
Biology and Medicine 


NORTHWESTERN Northwestern University invites excep- 

UNIVERSITY tional candidates to apply for the position 
of the Associate Director of The Center for Photonics in Biology and 
Medicine, which is being formed by the University. 


The mission of the Center is to develop novel optics technologies for 
the characterization and imaging of biological tissue. The focus is on the 
nanoscale, microscale and the molecular levels. The Center also utilizes 
biophotonics to gain new insights into biological systems and their response 
to disease. Furthermore, the Center aims to translate these technological 
and biological innovations into clinical practice. The Center will be sup- 
ported in part by a recently awarded $7.5M grant from the NIH. 


The Associate Director will work in close collaboration with the Center 
Director, Professor Vadim Backman. S/he will play a leadership 
role in the Center overseeing administration and ongoing research 
activities. In particular, the candidate will be responsible for identify- 
ing new research targets and help define the Center strategic develop- 
ment. The candidate is expected to help secure new research funding 
for the Center. The candidate will manage scientists involved in the 
Center projects, provide creative scientific input and coordinate the 
overall execution of the projects. The candidate will build relationships 
and coordinate external collaborations with academia and industry. 


The successful candidate will have a Ph.D. and 4+ years of experience in 
biophotonics or a related field. The candidate will have demonstrated an 
outstanding record of research accomplishment and leadership documented 
by peer-reviewed publications and external reputation. The candidate is 
expected to have excellent interpersonal and writing skills. 


Candidates should submit their Curriculum Vitae and the names of four 
referees by e-mail to the following address: m-proenca@northwestern. 
edu. Questions of scientific nature should be addressed to Professor 
Vadim Backman at v-backman@northwestern.edu. Applications will 
be accepted until the position is filled. 


You Can Make A Difference 


, Bid Fev Food and Drug Administration 


The FDA Commissioner’s Fellowship Program is a two-year program designed to attract top-notch health professionals and other 
scientists. The fellows train minutes from the nation’s Capital at FDA’s new state-of-the-art White Oak campus in Silver Spring, 
Maryland or at other FDA facilities. 


Coursework and Preceptorship 

The fellowship program combines rigorous didactic coursework with the development of a hypothesis driven, regulatory science 
research project. The coursework is designed to provide an in-depth understanding of the science behind regulatory review, 
encompassing the activities of the FDA across foods, drugs, biologics, devices, and cosmetics. Under the guidance of a FDA 
senior scientist committed to mentoring, fellows will also identify a specific aspect of FDA regulatory science to explore. The 
experience can be in a biology, physics or engineering lab, in a clinical review team, in biostatistics, informatics, epidemiology, 
risk analysis or other aspects of FDA science. 


Who Should Apply? 

Applicants must have completed all requirements for a Doctoral level degree (M.D., D.O., D.D.S., D.P.M., D.V.M., Pharm.D., or 
Ph.D.) by September 30, 2009 to be eligible. Applicants with a B.S./B.A. or M.S./M.A. in engineering are also eligible. Candidates 
must be a U.S. citizen, a non-citizen national of the U.S., or have been admitted to the U.S. for permanent residence before the 
program start date. Applicants cannot be current FDA employees or FDA contractors (such as ORISE fellows). To apply, and for 
further information about the FDA Commissioner’s Fellowship Program, please visit www.fda.gov/commissionersfellowships/ 
default.htm. 


FDA is an Equal Opportunity Employer and is a smoke-free environment. 
Privacy Act Notice (PL 93-579): The information requested here is used to determine qualifications for employment and is authorized under Title 5 
U.S.C. 3302 and 3361. 


Okinawa Institute of Science and Technology Promotion Corporation 
Central Office, Seaside House 

7542 Onna, Onna Village, Okinawa Japan 904-0411 

Tel: +81 98 966 8711 Fax: +81 98 966 8717 

URL: www.oist.jp 


Principal Investigator Position in Structural Cell Biology 


The Okinawa Institute of Science and Technology (OIST: http://www.oist.jp) is inviting 
applications for a Principal Investigator position in the field of Cell Biology with emphasis on 
structural aspects. OIST will open its brand new campus, overlooking tropical beaches in Onna 
Village, Okinawa, Japan in 2009. 


Candidates should have a doctoral degree, a strong publication record, deep practical knowledge 
in structural cell biology, and fresh ideas. Good communication skills and the ability to work 
collegially will be required for organizing this new research facility. 


Appointment is for five years and is renewable upon successful evaluation. Temporary offices 
near the new campus will be available until the completion of the new facilities at the end of 
fiscal year 2009. 


For the first round of reviews, candidates should send CV, Five representative papers, statement 
of on-going and future research intentions, and the names and contact information for five 
references in electronic format to scbO9@oist.jp by April 30, 2009. The search will remain 
open until the position is filled. 
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NORTHEASTERN UNIVERSITY 
Your 


career Get help 
IS OUT (eeub 
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IS ON A MISSION 


To educate students for a life of fulfillment and accomplishment. 
To create and translate knowledge to meet global and societal needs. 


It’s our mission. Make it yours. Join our faculty. 


online @sciencecareers.org 


Open Faculty Positions 
Visit www.hrm.neu.edu for complete job descriptions. 
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Fifty new tenured and tenure-track faculty members joined Northeastern 


this academic year. To meet them, visit www.northeastern.edu/facultyhires. Science Careers 


From the journal Science A\ AAAS 


Boston, Massachusetts Northeastern University 


The newly established Tisch Cancer Institute of 

Agricultural Mount Sinai School of Medicine invites applica- 

Research S tions of outstanding candidates for several faculty 

Service positions at the Assistant or Associate Professor 
www.ars.usda.gov levels to pursue disease-focused translational 


The USDA, Agricultural Research Service (ARS), Animal and studies in Hematology-Oncology. The success- 
Natural Resources Institute in Beltsville, Maryland, is seeking ful applicants will have an M.D. and/or Ph.D. 
an Associate Institute Director for a permanent full-time posi- MOUNT SINAI degree with post-doctoral experience, an out- 
tion. Salary is commensurate with experience and can range SCHOOL of Standing record of ee ae asp ae aes 
between $120,830 to $153,200 per annum, plus benefits. The MEDICINE ae eels hat He sea . 
mission of the institute is to conduct research and technology —$————$——_ ily apes Te Te san eey Se 
: : members are working together to integrate Mount 
transfer programs that ensure high quality and safe food and other Sinai’ : : ae 
F ¢ inai’s expanding research capacity in developmental and molecu- 
animal products while protecting the natural resource base and 


: Ens : lar biology, stem cells, and cancer biology with its current clinical 
the environment. The mission is accomplished through funda- programs, including those in liver, breast, prostate, head and neck, 


mental and applied research in 8 labor atories, and a Veterinary and hematological malignancies. The Cancer Institute will expand 
Services Unit and Animal Care Compliance Office. The Associate over the next several years by 150,000 sq. ft. of new research and 
Director participates with the Director in planning, coordinating, clinical space in the new Center for Science and Medicine building. 
and evaluating the institute’s programs, and provides leadership The successful candidates will have outstanding institutional shared 
and operational accountability for the institute’s research and resources to support their research activities (www.mountsinai.org/ 
technology transfer programs. The position requires thorough Research/Shared%20Research%20F acilities). 

knowledge of animal, natural resources, and/or environmental 

sciences; knowledge of budgetary processes and procedures; and The Mount Sinai School of Medicine, an equal opportunity employer, 
managerial skills in establishing goals and priorities and in the is situated along the Museum Mile on the Upper Eastside of Manhat- 


assessment and assignment of human resources to accomplish tan. Interested applicants should send a curriculum vitae, a concise 
goals. summary of current research experience and future interests, and 


Refer to announcement ARS-X9E-0098 at: http:// the names of three references to: Paul S. Frenette, M.D., Chair 


www.afm.ars.usda.gov/divisions/hrd/vacancy/VAC2.HTM for iene ee 
detailed information regarding qualification requirements and for ; 
complete application information and instructions. Applications Mount Sinai Medical Center is an Equal Opportunity/Affirmative 
must be postmarked by April 10, 2009. Action Employer. We recognize the power and importance ofa 
U.S. Citizenship is required. diverse employee population and strongly encourage applicants 
USDA/ARS is an Equal Opportunity Employer and Provider. with various experiences and backgrounds. 


University of 
Colorada Denver 


School of Medicine 


The University of Colorado Denver School of Medicine seeks appli- 
cants for the position of Chair of the Department of Pharmacology. 
The Department consists of 24 faculty members whose interests span 
neurosciences, cell biology, drugs of abuse, genomics and bioinformat- 
ics, signal transduction, lipid mediators, and structural biology. The 
Department occupies dramatic new laboratories and offices in twin 
towers of the Research Complex at the new University of Colorado 
Denver Anschutz Medical Campus. 


The Department of Pharmacology has a large basic science research 
program with more than $19 million in annual research funding. The 
Department has won numerous awards for the teaching of medical 
students. Details are available at the departmental web site: http: 
//pharmacology.ucdenver.edu/index.shtm. 


The Chair of the Department of Pharmacology reports to the Vice- 
Chancellor for Health Affairs/Dean of the School of Medicine and 
participates with other department chairs and faculty to develop School 
and Department programs, curriculum, administration, and budgetary 
planning and implementation. The position requires excellence in teach- 
ing, demonstrated administrative ability/leadership and leadership in 
research and scholarly activity. 


Review of applications will continue until the position is filled. Appli- 
cants should apply online at the https://www.jobsatcu.com website 
using posting number 806418. Questions about the application process 
may be directed to Jan.Bodin@ucdenver.edu. 


The University of Colorado Denver is committed to the recruitment 
and employment of a diverse faculty. We encourage applications 
from women and minorities. 


x, National University 
of Singapore 


Research Centre of Excellence in Mechanobiology 
50 Postdoctoral Positions 


This newly established Centre at the National University of Singapore (NUS) aims to 
complete an integrated nanometer to tissue description of the mechanically 
dependent functions in cells and tissues. Through quantitative biophysical 
approaches, we will address major problems in biomedical sciences including 
pathogenesis (from bacterial to cancer), tissue regeneration and function. We are 
seeking outstanding candidates with strong background in molecular and cell biology, 
biophysics, biology-related engineering or computer sciences, and a commitment for 
collaborative interdisciplinary research to join research in molecular, cellular and 
tissue mechanics. 


Faculty in the Centre are coming from many maior international research universities 
with diverse research backgrounds. They have a common goal of training a new 
generation of researchers to solve important biological problems by combining the 
approaches of nanotechnology, bioinformatics, molecular biology, modeling and 
biophysics. The Centre is directed by Mike Sheetz and Paul Matsudaira. For further 


information on the research profiles of the team members, see website www.dbs.nus. 


edu.sg/mechano/index.html 


Singapore is a vibrant garden city with year round tropical climate and rich 
multicultural heritage. Established in 1905, NUS has evolved into a top teaching and 
research-intensive institution, acknowledged as one of the finest universities in the 
Asia-Pacific. The Centre offers competitive salary package, and housing allowance. 


Please submit your application (form downloadable from www.dbs.nus.edu.sg/ 
mechano/index.html), along with curriculum vitae, research interest and names of 
three external referees to: 


Choy L Hew, Deputy Director 
RCE in Mechanobiology 

National University of Singapore 
14 Science Drive 4 

Singapore 117543 

Fax: (65) 67795671 

'__ Email: mechbio@nus.edu.sg 


Tee, Sees et ie 


Founded in 1911, The University of Hong Kong is committed to the highest 
international standards of excellence in teaching and research, and has 
been at the international forefront of academic scholarship for many years. 
Of a number of recent indicators of the University’s performance, one is its 
ranking at 26 among the top 200 universities in the world by the UK’s Times 
Higher Education Supplement. The University has a comprehensive range 
of study programmes and research disciplines, with 20,000 undergraduate 
and postgraduate students from 50 countries, and a complement of 1,200 
academic members of staff, many of whom are internationally renowned. 


Research Assistant Professorships 
and Post-doctoral Fellowships 
Applications are invited for a number of positions as Research Assistant 
Professor (RAP) (Ref.: RF-2008/2009-584) and Post-doctoral Fellow (PDF) (Ref.: 


RF-2008/2009-585), at the University of Hong Kong, on or before February 28, 
2010. Appointments will be made for a period of 2 to 3 years. 


RAP and PDF posts are created specifically to bring new impetus and vigour 
to the University’s research enterprise. Positions are available from time 
to time to meet the strategic research needs identified by the University. 
Positions are available in the following Departments/Area of Excellence: 


¢ Architecture 
¢ Faculty of Dentistry 
° raculy a Eoueation Medians 
Civil Engineering 
; ; Pathology 
Electrical and Electronic \ 
Engineering peyenlaty 
Mechanical Engineering Public Health Research 
Itaw Centre 


Biochemistry Centre for Reproduction, 


Development and Growth 
Centre for Cancer Research Area of Excellence (AoE) on 
School of Chinese Medicine 


Developmental Genomics 
Research Centre of Heart, and Skeletal Research 
Brain, Hormone and Healthy School of Biological Sciences 
Aging Chemistry 
Research Centre of Infection Earth Sciences 
and Immunology Geography 


Medicine Psychology 
Microbiology 


¢ Orthopaedics and 
Traumatology 


Paediatrics and Adolescent 


Research Assistant Professors 

The main focus of an RAP’s duty is research. RAPs can however be assigned 
some teaching duties, up to 50% of the normal teaching load. Applicants 
should be research active and have a proven publication record. A highly 
competitive salary commensurate with qualifications and experience will 
be offered, with a contract-end gratuity and University contribution to a 
retirement benefits scheme (totalling up to 15% of basic salary). Annual 
leave, and medical/dental benefits will also be offered. 


Post-doctoral Fellows 

PDFs are expected to devote full-time to research. Applicants should 
be doctoral degree holders having undertaken original research that 
has contributed to the body of knowledge. A highly competitive salary 
commensurate with qualifications and experience will be offered. Annual 
leave and medical benefits will also be available. 


Procedures 

Prospective applicants are invited to visit the following webpage 
<http://www.hku.hk/apptunit/> to view the full list of the research areas and their 
home Faculties/Departments/Schools/Centres for which RAP/PDF positions 
are currently available. Before preparing an application they should contact the 
Head of the appropriate academic unit to ascertain that their research expertise 
matches the research area for which a vacant RAP/PDF post is available. 


Applicants must submit a completed University application form, which should 
clearly state which position they are applying for; and in which academic 
discipline. They should also provide further information such as details of their 
research experience, publications, research proposals, etc. 


Further particulars and application forms (152/708) can be obtained 
at http://Awww.hku.hk/apptunit/; or from the Appointments Unit (Senior), 


Human Resource Section, Registry, The University of Hong Kong, Hong 
Kong (fax: (852) 2540 6735 or 2559 2058; e-mail: senrappt@hku.hk). Closes 
April 17, 2009. Candidates who are not contacted within 3 months of the 
closing date may consider their applications unsuccessful 


The University is an equal opportunity employer and is committed to a No-Smoking Policy 


online @sciencecareers.org 


Science Careers 


Science Careers is the 
catalyst for your ambition. 


2 April 2009 
San Francisco, CA 


Biotech | Industry UCSF Mission Bay Campus 
Career Fair | 1:00-4:30 pm 


Science and UCSF are teaming up to bring you a unique biotech day that includes two career develop- 
ment workshops leading to a career fair. Visit the Mission Bay campus for a chance to get valuable advice 
from career experts and to meet face to face with recruiters from some of the world’s top scientific organi- 
zations. Don’t miss this opportunity to connect with staffing professionals and hiring managers from the 
companies you want to work for. For details, visit sciencecareers.org/ucsf 
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ANNOUNCEMENTS 


UROPEAN _ | Call for EJROCORES Themes 


CiIENCE _ 
— OUNDATION 


SETTING SCIENCE AGENDAS FOR EUROPE 


ESF is looking for new ideas for collaborative research 
at the European level. We invite well developed theme proposals 
for new EUROCORES Programmes. 


The European Science Foundation (ESF) provides a platform for its Member Organisations to advance science and explore new 
directions for research at the European level. Established in 1974 as an independent nongovernmental organisation, the ESF currently 
serves 80 Member Organisations across 30 countries. The ESF is devoted to the coordination, implementation, networking and science 
policy development in the basic sciences. The ESF wishes to contribute to the European Research Area with the EUROCORES Scheme. 


The EUROCORES Scheme 


The EUROCORES (European Collaborative Research) Scheme 
is a flexible framework that promotes excellence in collaborative 
research and networking. Offered by the European Science 
Foundation, EUROCORES tackles scientific questions in and across 
all disciplines by means of an integrated European or even global 
effort. EUROCORES is the only collaborative research instrument in 
Europe with a bottom-up approach covering all scientific disciplines. 
It provides an exceptional opportunity for the scientific communities 
from Europe and beyond to submit their own ideas (themes) for the 
creation of new large-scale multinational collaborative research 
programmes. 


Eligibility criteria 
Teams of proposers must include scientists eligible for funding 


from ESF Member Organisations in at least four different coun- 
tries. 


Criteria for the selection of EVROCORES themes 


i Scientific quality, novelty and potential for scientific impact 
of the EUROCORES theme proposal 

lH Requirement for European collaboration 

Relationship to other ongoing/planned research initiatives 
in the field (national, European, international) 

Scientific standing and qualification of the proposing team 

B Ethical and legal issues 


How to submit a EUROCORES theme proposal 


EUROCORES theme proposals must be submitted online 
by 29 May 2009, 12:00 (CET). Proposals are submitted at 
www.esf.org/eurocores where the full call with detailed informa- 
tion and proposal guidelines can be found. For further inquiries 
contact the EUROCORES Scheme at eurocores@esf.org. 


The research as well as the networking and coordination costs of EJROCORES 
programmes are covered by the participating national funding organisations. 


For further information on the call and all ESF activities, please go to www.esf.org 
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GRADUATE PROGRAM 


Frontiers in Genetics proposes an international PhD program supported 
by the Swiss National Science Foundation. The program is based at the 
University of Geneva and includes participating members from the Uni- 
versities of Lausanne and Zurich, the Swiss Federal Institute of Technology 
in Lausanne, the Swiss Institute for Experimental Cancer Research (Lau- 
sanne) and the Friedrich Miescher Institute (Basel). The program starts in 
October 2009 and provides a strong background in molecular genetics 
and genomics for the study of modern biological problems. 


We are looking for outstanding candidates with a degree in biological 
sciences and a commitment to a career in research. The selected students 
will receive stipends for four years, subject to completion of all program 
requirements. 


Applicants should send the registration form, a letter describing their interests, 
background and research experience, official transcripts of their university 
courses and grades, copy of diplomas, and 3 letters of recommendation, to: 


NCCR Frontiers in Genetics 
International PhD Program 
Sciences Ill - University of Geneva 
30, quai Ernest-Ansermet 
CH - 1211 Geneva 4, Switzerland 


Participating members: Stylianos E. Antonarakis, Konrad Basler, Bart 
Deplancke, Emmanouil T. Dermitzakis, Denis Duboule, Susan M. Gasser, 
Marcos Gonzdlez-Gaitan, Monica Gotta, Thanos Halazonetis, Nouria 
Hernandez, Winship Herr, Pedro Herrera, Francois Karch, Ulrich K. 
Laemmli, Joachim Lingner, Robbie Loewith, Serge Nef, Ivan Rodriguez, 
Botond Roska, Ariel Ruiz i Altaba, Ueli Schibler, David Shore, Francoise 
Stutz, Bernard Thorens, Didier Trono, Walter Wahli 


UNIL | Université de Lausanne 


IGREC 


) 
tI Al }) University of Zurich 


ECOLE POLYTECHNIQUE 
FEDERALE DE LAUSANNE 


‘Swiss NATIONAL SCIENCE FOUNDATION 


Science Careers 
is the key 


that opens doors 


Opening doors is what we do. 
We're the key to connecting with 
the industry’s top employers. We’re 
the experts and source for the 
latest and most relevant career 
information across the globe. 


Whether you’re seeking a new job, 
career advancement in your chosen 
field, or ways to stay current on 
industry trends, Science Careers is 
your key to a brighter future. 
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POSITIONS OPEN 


LEC. 


POSTDOCTORAL POSITIONS IN 
MOLECULAR AND CELLULAR BIOLOGY 
The Wine Research Centre, 
University of British Columbia, 
Vancouver, B.C., Canada 


Two Postdoctoral positions are available immedi- 
ately in the Wine Research Centre (website: http:// 
www.landfood.ubc.ca/wine/index.html) for a 24- 
month appointment with potential for extending em- 
ployment. These positions are funded by large-scale 
Genome British Columbia wine genomics grants to 
characterize fermentation stress response genes in 
S. cerevisiae. Successful candidates will be responsi- 
ble for establishing function of each of these 62 genes 
induced during wine fermentation using a systems 
biology approach. Outstanding research facilities are 
available. Salary approximately $50,000 annually, in- 
cluding benefits. 

A Ph.D. in molecular and cellular biology is re- 
quired. Experience in transcriptomics/proteomics/ 
metabolomics will be an asset. Interested candidates 
should apply with curriculum vitae and names of three 
references to: Dr. Hennie J. J. van Vuuren, Director, 
e-mail: hjjvv@interchange.ubc.ca. 


ASSISTANT/ASSOCIATE PROFESSOR 
Department of Pharmaceutical Sciences 
The Feik School of Pharmacy 
University of The Incarnate Word 
San Antonio, Texas 

A 12-month, tenure-track medicinal chemistry fac- 
ulty position in the Department of Pharmaceutical 
Sciences. Preferred start date is June 2009. Candidate 
for this position should have a Ph.D. in medicinal 
chemistry; teaching and/or postdoctoral experience is 
preferred. The candidate will be expected to develop 
and teach the medicinal chemistry section in the in- 
tegrated pharmacotherapy courses in the Pharm.D. 
program. See our website: http://jobs.uiw.edu for 
further information. 
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